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PEEFACE. 


rMHE present volume is an amplification of the notes of a senes of 
lectures, delivered fiist by Mr Parshall and continued by Mr 
Hobait, at the Massachusetts Institute of Technolog 3 ^, some six 3 ’'ears ago. 
The oiiginal notes met with so cordial an appieciation fioin Lord Kelvin, 
the late Di John Hopkinson and otheis, that the authors determined 
to follow out a suggestion made, and publish a book on the design of 
Electric Generators The work of revising the original notes gradually led 
to the bringing together of an amount of material several times larger than 
was at first intended, and a comprehensive tieatment of the subject 
prevented 1 educing this amount In this form the work appeared as a series 
of articles m “Engineering,” during the jmars 1898 and 1899 The 
interest taken m the series, together with the fact that the exjierience 
of the Authors, covering as it does the period during which most of the 
modern tj^pes of machines have lieen developed, justifies the publication 
of the tieatise, despite the piesent large number of books on the theoiy 
of (ibmmutating machines 

In dealing \vith the practice of designing, thieo sub-diAusions can be 
finally made — 

The fiist may be taken as relating to the design of the magnetic 
circuit The classical papers of Doctors John and Edward Hopkinson 
have dealt with this subject so completelj’’ that there remains but little to 
be written, and this relates chieflj-' to the natuie and pioperties of the 
diffeient qualities of iron and steel which maj’' be used in the construction 
of the magnetic circuit 

The second sub-clivision considers the phenomena of commutation and 
the study of dimensions, with a view to securing the greatest output 
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Preface 


Avitliout dinunifeliing the elheiency The theory of commutation has 
become better imderstoocl since electiical engmeeis began to deal wnth 
alter natino currents and to understand the effects of self-induction How- 
ever, owing to tlie number of variables affecting the final results, data 
obtained m practice must be the basis for the piepaiatioii of new designs 
In this work will be found a statement of such results, and inimorical 
values eKperiineiitally obtained from repiesentative commutating macliines 
One familiar with the theory of eomniutatioii can, with compaiative 
certainty, from the values and dimensions given, design machines with 
satisfactory commutating properties 

The third sub-division relates to ivhat we have termed the ‘‘ Theiauil 
Limit of Output,” that is, the ina\imuiii output with safe heating It can 
be fairly said that while the theoi}'' of all the losses m a conn nutating 
dynamo are understood, jmt, with the exception of the C’ R losses, it is 
still a matter of practical experience to determine what relation the actual 
losses bear to what may be termed the predicted losses It is iiivai lalily 
found that the iron losses are m excess of those which may be predicted 
fiom the tests made upon the iiiateiial before coiisti notion The hys tmesis 
loss in the armature core is generally found to be greater, owing to the 
mechanical processes to which the material m the core has to be sub- 
jected during the process of construction Owing, probably, in a large 
measure to a species of side magnetisation, the eddy-cun ent loss is found 
to be greater than is indicated by calculations based upon the assum[itioii 
of a distiibution of magnetic hues parallel to the plane of the lauiinatioiis 
If the armature couductois are solid, the losses therein by foucault 
currents may often be considerable, even in projection type ai matures, 
especially when the piojections are run. at high densities Under load 
losses, not including fiiction, there have to be consideied the foucault 
current loss iii the conductors due to distortion, and the increased 
loss 111 the armature projections fiom hysteresis and eddy currents likewise 
due thereto There is also the loss bi ought about by the reversal of the 
current in the armatm e coil under commutation It is apparent, therefore, 
consideiing that eaeb of these variables is dejiendent upon the form of 
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design, the material used, and the jorocesses of consti action, that only an 
approximate estimate as to the total loss can be made from the theoretical 
consideration of the constants We believe, therefore, that these con- 
siderations will justify the length with which we have dealt with the 
theimal limit of output 

The various othei sections give information which we have found 
indispensable in designing woik The G-eneial Electiic Company of 
Ameiica, and the Union Elektiicitats-Gesellschaft of Beilm, have kindlj'' 
placed at our disposal the le, suits o^a large amount of technical experience, 
which have foimed a very substantial addition to the results of oiu own 
Avork We haA^^e endeuAmuied to show our appreciation of this libeial 
and, uufoitunately lare, policy, by setting foith the conclusions at Avhieli 
it has enabled us to ariive, m a manner AAdnch Ave hojie Avill lender the 
Avoik a thoroughly useful coutiibution to technical progress m dynamo 
design Ajiart fiom the papers of the Hopkinsons, the tieatise on 
Dyitamo Electric Macliuieiy by Dr SyK^'anus Thompson, has had the 
greatest influence in disseminating thorough knoAvdedge of the theory of 
the dynamo It aa'us, in fact, after consideiing the contents of these 
Avoiks that we decided to piepare our treatise on the present lures, AAuth 
the aim to supply, however imperfectly, a work Avhieh shall assist in 
applying to practice the principles already clearly enunciated in these 
treatises 

We acknoAvledge Avith pleasure the A^aluable assistance and suggestions 
which we have received from maiiA’' friends in the preparation of the 
AVork 
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MATERIALS 

A CONSIDERABLE vaiiety of mateiials enters into the construction 
of dynamo electric appaiatus, and it is essential that the grades 
used shall confoini to rathei exacting requirements, both as legards electiic 
and magnetic conductivity as well as with respect to their mechanical 
propel ties 

Testing op Materials 

The metallic compounds employed m the uie4d.he and conducting 
circuits must be of definite chemical composition The effect of slight 
diffeiences in the chemical composition is often considerable, for instance, 
the addition of 3 per cent of aluminium reduces the conductivity of copper 
in the ratio of 100 to Again, the magnetic permeabiht}’’ of steel 

containing 12 pei cent of manganese is scaicely gieatei than unity 

The mechanical tieatment during vaiious stages of the jn eduction also 
in many cases exerts a preponderating influence upon the final lesult 
Thus, sheet non frequently has over twice as great a hysteresis loss when 
unannealed as it has after annealing fi om a high teinperatiii e Cast copper 
having almost the same chemical analysis as diawn copper, has only 50 per 
cent conductivity Piessuie exeits a gieat influence upon the magnetic 
1 2^1 opei ties of sheet iron^ Sheet non of ceitam coinjiositions, when 
subjected for a few weeks, even to such a modeiate temperatuie as 60 deg 
Cent , becomes seveial times as poor for magnetic purposes as before 
subjection to this temperature ® 

It thus becomes desirable to subject to chemical, physical, and electro- 
magnetic tests samples fioni every lot of mateiial intended for use in the 


' Elect) ician, July 3id, 1896 Dewar and Fleming - See page 33, and Figs 33 and 34 
" See pages 30 to 32, and Figs 26 to 32 
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construction of dynamo-electric apparatus Tins being the case, the 
importance of practical shop methods, in order that such tests may be 
quickly and accmrately made, becomes apparent 

Conductivity Tests 

The methods used in conductivity tests are those deseiibed in text- 
books devoted to the subject ^ It will suffice to call attention to the recent 
investigations of Professors Dewar and Fleming," the results of which show 
that materials in a state of great purity have considerably higher coiidue- 
tivity than was attributed to them as the results of Matthiessen’s experi- 
ments Manufactured copjier wire is now often obtained with a conductivity 
exceeding Matthiessen’s standard foi pure copjier 

Coppei wiie, drawn to small diameters, is apt to be of mfeiioi conduc- 
tivity, due to the admixture of mipuiities to lessen the difficulties of 
manufacture It consequently becomes esjiecially desirable to test its 
conductivity in order to guaid against too lov a value 

The electrical conductivity of Geiman silver and othci high lesistance 
alloys vanes to such an extent that tests on each lot aie impeiative, if 
anything like accuiate results are lequired 


Permeability Tests 

Consideiable care and judgment are necessaiy m testing the magnetic 
properties of materials, even with the most recent inipiovements in 
apparatus and methods Nevei tireless, the extieme vai lability in the 
magnetic piopeities, lesultmg from slight variations in chemical composition 
and physical treatment, render such tests indispensalrle m older to obtain 
uiiifornily good quality m the material employed Vaiious methods have 
been proposed with a view to simplifying permeability tests, but the most 
accuiate method, although also the most labonous, is that in which the 
sample is nr the form of an annular ring uniformly wound rvitlr primary and 
secondaiy coils, the former permitting of the application of any desired 


^ Among the moie useful books on the subjeet of electiical measuiements aie Piofessoi 
S W Holman’s Physical Lahoratoiy Notes (Massachusetts Institute of Technology), and 
Piofessoi Pleming’s Electiical Lahoiatoiy Notes and Fomis 
2 Electrician, July 3id, 1896 

® A Table of the piopeities of vaiious conducting materials is given latei in this volume 



Permeability Tests. 


3 


magnetomotive force, and the latter being for the purpose of determining, 
by means of the swing of the needle of a ballistic galvanometer, the 
corresponding magnetic flux induced m the sample 


Description of Test op Iron Sample by Ring Method with 
Ballistic Galvanometer 


The calibrating coil consisted of a solenoid, 80 centimeties long, 
uniformly wound with an exciting coil of 800 turns Therefore, there 
were 10 turns per centimetre of length The mean cross-section of 
exciting coil Avas 18 0 square centimetres The exploring coil con- 
sisted of 100 turns inidv^ay along the solenoid Reversing a curient 
of 2 00 ampeies in the exciting coil gs,xe a deflection of 35 5 deg on the 
scale of the ballistic gaWanometer when there v’^as 150 ohms lesistance 
in the entile secondaiy ciicuit, consisting of 12 0 ohms m the ballistic 
gaRanometei coils, 5 0 ohms m the exjiloimg coil, and 133 ohms iii external 
resistance 


H = 


4 TT 71 0 
HTT’ 


= 10 0 , 
i 


C = 2 00, 


H= X 10 0 X 2 00 = 25 
10 


1 , 


le, 2 00 ampeies in the exciting coil set up 25 1 lines m each squari 
centimetre at the middle section of the solenoid , therefoie 18 0 x 25 
= -152 total C G S lines But these v^eie Indeed with the 100 turns o 
the exploimg cod, and theiefoie vmre equivalent to 45,200 lines linked \\itl 
the ciicuit Reversing 45,200 lines Avas equivnalent m its effect upon th 
ballistic galvanometer to creating 90,400 lines, which latter number, eon 
sequently, coriesponds to a deflection of 35 5 deg on the ballisti 
galvanometei Avith 150 ohms m circuit Defining K, the constant of th 
ballistic galvanometei, to be the lines per degree deflection Avith 100 ohm 
m circuit, Ave obtain 


90400 

35 6 X 1 50 


= 1690 lines 


The cast-steel sample consisted of an annular ring of 1 10 squai 
centimetres cross-section, and of 30 centimetres mean circumference, an 
it Avas wound Avith an exciting coil of 450 tmns, and Avith an exploimg co 
of 50 turns With 2 00 ampeies exciting current, 

H= X X 200 = 37 7 
10 30 
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Reversing 2 00 amperes iii the exciting coil gave a deflection of 

40 deg mth 2,400 ohms total resistance of secondary circuit Then with 

100 ohms instead of 2,400 ohms, with one turn in the exploiing coil instead 

of 50 tuins, and simply creating the flux instead of reversing it, tlicio 

would have been obtained a deflection of 

2400 1 1 (A 1 

X — X - X 40 = 9 60 clesf , 

100 50 2 

consequently the flux reversed in the samiDlo ivas 

9 GO X 1,690 = 16,200 lines 

And as the cross-section of the ring was 1 10 square centimetres, tlio 
density was 

16,200 — 1 10 = 14,700 lines pel squaie centimetre 

Theiefore the result of this obseivation was 


H = 37 7, B = 14,700, = 390 

But m practice^ this should be reduced to ampere turns per inch of Iciigtli, 
and lines per square inch , 

Ampere-tuins per inch of length = 2 H = 75 4 
Density in lines per squaie inch = 6 45 x 14,700 = 95,000 


This would generally be written 95 0 kilohnes Similarly, fluxes ol 
still greater magnitude are geneially expressed in meg alines For iiistaiicc, 
12 7 megalmes = 12,700,000 C G S lines 


1 Although mixed systems of units aie admittedly infeiioi to the metuc system, piesont 
shop practice lequnes their use It is, therefoie, necessaiy to leadily conveit the ’absolute 
B H curves into others expressed in teims of the units employed m piactice In absolute 
measure, non satuiation cuiies are plotted, in ivliich the o.dinates B lepresent the density in 
terms of the nurabei of CG S lines pei squaie centimetre, the abscissie denoting tlie mamieto- 
motive force H B/H equals ,a, the peimeabihty In the cuives used m p, notice tlie 
oidinates should equal the number of lines pei square inch They aie, the.efoie, equal to 
J B The abscisses should equalthe number of ampei e-tui ns per inch of length Lettjn^^ 
turns = w, and amperes = C, we have— 


H: 


A 'jr nO , . 

= "[q ^ being expiessed in centimetres 


Ampere-turna pei centimetie of length = 

4 'T 

Ampere-turns pei inch of length = 2 54 x 10 H 

“ 4 TT 

Ampei e-turns pei inch of length = 2 02 H 
Therefore ampere tuins per inch of length are appioximately equal to 2 H 
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Other Permeability Testing Methods 

The bar and yoke method, devised by Dr Hopkuison, permits of the use 
of a rod-shaped sample, this being more convenient than an annular ring 
m that the latter requires that each sample be separately vimuiid, -whereaj 
in the rod and yoke method the same magnetising and exploring coils 
may be used for all samples However, the ring method is moie absolute 
and affords much less chance for eiror than is the case with other methods 
where the soinces of error must either be reduced to negligible propoitions 
which IS seldom practicable, or corrected for Descriptions of the Hop- 
kmson apparatus are to be found m text-books on electio-magnetism,’ 
and the calculation of the results would be along lines closely similar to 
those of the example already given for the case of an annular ring sample 


Methods of Measuring Permeability not Requiring Ballistic 

Galvanometer 

There have been a number or arrangements devised for the purpose 
of making permeability measurements without the use of the ballistic 
galvanometer, and of doing away with the generally considerable tiouble 
attending its use, as well as simplifying the calculations 

Those 111 Avliich the piece to be tested is compaied to a standard 
of known permeability have pioved to be the most successful The 
Eickemeyei budget is a well-known example, but it is rather untrust- 
worthy, paiticulaily when there is a great dilteience between the standard 
and the test-piece 

A method of accomplishing this, ivliich has been used extensively 
with very good lesults, has been devised by Mr Frank Holden It is 
described by him in an article entitled “A Method of Determining 
Induction and Hysteiesis Curves” in Electncctl Wovld for December 
15th, 1894 The principle has been embodied in a commercial apparatus 
constructed by Mr Holden in 1895,® and also in a similar instiument 
exhibited by Professor Ewing before the Royal Society in 1896 * 


1 Also J Hopkmson, Plnl T'lans, page 455, 1885 
^ Elect) iccd Eng%nee) , New Yoik, Maich 25tli, 1691 

3 “An Apparatus foi Deteimining Induction and Hysteiesis Elect') ical World 

June 27th, 1896 

■* “The Magnetic Testing of lion and Steel,” P)OC Inst Civil Engineeis, May, 1896 
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Holden’s method consists essentially of an arrangement in which two 
bars are wound uniformly over equal lengths, and joined at their ends 
by two blocks of soft iron into which they fit The rods are parallel, 
and about as close together as the windings permit In practice it has 
been found most convenient to use lods of about 25 in in diameter, and 
about 7 in long Over the middle poition of this arrangement is placed 
a magnetometer, not necessarily a very sensitive one, with its needle 
tending to he at right angles to the length of the two bars, the influence 
of the bars tending to set it at right angles to this position Means aie 



Fig 1 


provided for reversing simultaneously, and for measuring, each of the 
magnetising currents, which pass ni such directions that the north end 
of one rod and the south end of the other are m the same teiniinal block 
It IS evident that whenever the magnetometer shows no efPect from the 
bars, the fluxes in them must be equal, for if not equal there would be 
a leakage from one teiminal block to the other through the air, 
and this ivould affect the magnetometer This balanced condition is 
brought about by varjuiig the current in one or both of the bars, and 
reversing between each variation to get rid of the effects of residual 
magnetism 

For each^bar 

4: TT n G 

io7~ 
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n = number of turns 
C = Oui rent in amperes 
I = distance between blocks in centimetres 


As the same magnetising coils may always be used, and as the blocks 
Txxsij be ai ranged at a fixed distance apart, 


and 

H = K 0 

The B H curve of the standard must have been previously deter 
mined, and when the above-desciibed balance has been produced and 
magnetomotive foice of the standaid calculated, the value of B is 
once found by I’efoience to the charactensticfe of the standard I 
■fclie two bars aie of thu same cioss-section, this gives directly the B ii 
"blve test-piece, and H is calculated as described The method fuimshes 
a means of making veiy accuiate compaiisoiis, and the whole test if 
quickly done, and the chances of eiror are minimised by the simplicity 
of the piocess The luagnetometei for use with bars of the siz< 
cLescribed need not be moie delicate than a good pocket compass 
A. I t.bmiob tvo pieces of cpute opposite extremes of permeability may 
"be thus compared, yet it takes less caie m inanipulatmg, if tw< 
standaids aie at hand, one of cast-iion and one of moiight iron or cas 
sfeel, and the standaid of quality most like that of the test-piece shouk 
Ibe used 

Sheet iron may be tested in the same way, if it is cut m strip 
£ubout 5 in wide and 7 in long This will require the use of specially 
slaaped blocks, capable of making good contact with the end of the bundl 
of stiips which may be about 25 m thick In geneial the cross-section 
of the test-piece and standaid m this case will not be equal, but thi 
is easily accounted for, since the induction values are inversely as th 
cross-sections when the total fluxes are equal In Figs 1 and 2 ai 
shown both the Holden and the Ewing permeability budges 





Hytiterebis Tests 

Determination of Hysteresis Loss 

The step-by-step method of cletei mining the hysteresis loss, by cairjm 
a sample through a complete cycle, has been used for some yeais past, ai 
IS employed to a great extent at the present time Such a test is mai 
Avith a ring-shaped sample, and consists in A'aiymg by steps the magnet 
motive foice of the pinnaiy coil, and noting by the deflection of a halhst 
galvanometer the corresponding changes in the flux From the results 
complete cycle curve, such as is shown in Fig 3, may be plotted If tl 
cuive IS plotted with ordinates equal to B (C G S lines per squaie ceii 



metie), and with ahscissoe ecpial to H, ^ divided by 

(conveniently determined by means of a planimetei), will be equal to t 
hysteiesis loss of one complete cycle, expiessed m eigs per cubic cei 
nietre^ , but m subsequent calculations of commeicial appaiatus it is im 
convenient to have the lesults m teims of the vatts pei pound of matei 
pel cycle per second The i elation between the two expiessions may 

deiived as follovs 


Conversion of Units 

Ergs per cubic centimetre per cycle 

Aiea complet e cyclic cm ^ e 
“ ' ~ 4 r 

1 Fleming, Alternate Gxinent Tuinsfoimet , second edition, page 62 


< r -0 
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Watts per cubic centimetre at one cycle per second 

Area 

4 7r X 10"^ 


Watts per cubic inch at one cycle per second 

Area x 16 4 
“ 4 77 - X 10'^ 

Watts per pound at one cycle per second 

Area x 16 4 
4 TT X 107 X 282 


(One cubic inch of sheet iron weighing 282 lb ) 

. Watts pel pound at one cycle per second = 0000058 x eigs per cubic centimetre per 

cycle 


Hysteresis Losses in Alternating and Rotating Fields 

Hysteiesis loss in iron may be produced in two ways one when the 
magnetismg force acting upon the non, and consequently the magnetisation, 
passes through a zero value in changing from positive to negative, and the 
other when the magnetismg force, and consequently the magnetisation, 
leiiiains constant in value, but varies in direction The former condition 
holds 111 the coie of a tiansfoimer, and the latter in ceitain other types of 
appaiatus The resultant hystereris loss m the two cases cannot be 
assumed to be necessarily the same Bailey has found^ that the lotatuig 
field produces for low inductions a hysteresis loss greater than that of the 
alternating field, but that at an induction of about 100 kiloliiies per square 
inch, the hysteresis loss reaches a sharply defined maximum, and rapidly 
diinimshes on fuither magnetisation, until, at an induction of about 130 
kilolines per square inch, it becomes very small with every indication of 
disappeaiiiig altogether Tins result has been verified by other expeii- 
menters, and it is quite in accord with the molecular theory of magnetism, 
from which, in fact, it was pi edicted In the case of the alternating field, 
when the magnetism is pi essed bejmnd a certain limit, the hysteresis loss 
becomes, and remains, constant in value, but does not decrease as in the 


^ See paper on “ The Hysteresis of Iron m a Rotating Magnetic Field,” lead befoie tlie 
Royal Society, June 4th, 1896 See also an article in the Electrician of October 2nd, 1896, 
on Magnetic Hysteresis in a Rotating Field,” by R Beattie and R 0 Clinkei Also 
Eleciiician, August 31st, 1894, F G Bailey Also Wied An/L, No 9, 1898, Hiethammer 
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case of the lotatmg magnetisation Hence, as far as hysteresis loss is cc 
cerned, it might sometimes be advantageous to work with as high 
induction m certain types of electro-dynamic apparatus as possible, if it c 
be pressed above that point wluere the hysteresis loss commences to decrea' 
but 111 the case of transformers little advantage would be derived from hi 
density on the score of hysteresis loss, as the density, except at veiy h 
cycles, cannot be economically cairied up to that value at which t 
hysteresis loss is said to become constant 



Fig 4 


Methods of Me^lSuring Hysteresis Loss Without the Ballistk 

Galvanometer 

To avoid the gieat labour and expendituie of tune involved 
hysteresis tests by the step-by-step method with the ballistic galva 
meter, theie have been many attempts made to aiiive at the lesult i 
more 'direct manner The only type of apparatus that seems to h 
attained commercial success measures the energy employed either 
rotating the test-piece in a magnetic field, or in rotating the magnetic t 
in which the test-piece is placed 

The Holden hysteresis tester^ is the earliest of these instruments, 


1 “Some Wolk on Magnetic Hysteresis,'’ Electiical Wodd, June 15th, 1895 
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appears to be tlie most satisfactory It measures tlie loss in sheet-iron 
rings when placed between the poles of a rotating magnet, and enables the 
loss to be thoioughly analysed The sheet-iron lings are just such as 
would be used in the ordinary ballistic galvanometer test (Fig 4, page 11) 
The lings aie held concentric with a vertical pivoted shaft, aiound 
which revolves co-axially an electro-magnet which magnetises the iings 
The sample rings are built up into a cyhndiical pile about ^ in high 



Firj 5 


Surrounding but not touching the sample to be tested is a coil of insulated 
wire, the terminals of which lead to a commutator revolving with the 
magnet The alternating electi omotive force of the coil is thus lectified, 
and measured by a Weston voltmeter Knowing the cross-section of the 
sample, the number of turns in the coil, the angulai velocity of the magnet, 
and the constants of the voltmetei, the induction coriesponding to a ceitain 
deflection of the voltmeter, can be calculated in an obvious mannei ^ 


^ Foi electi omotive foice calculations, see another page in tins volume 
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The force tending to rotate the rings is opposed by means of a heln 
spring surrounding the shaft and attached to it at one end The other e 
IS fixed to a torsion head, with a pointer moving over a scale The loss j 
cycle IS propoitional to the defleetion reqimed to bring the rings to th 
zero position, and is readily calculated from the constant of the spring 
By vaiying the angular velocity of the magnet, a few observations gi 
data by which the effect of eddy currents may be allowed foi, and t 
lesidual hysteiesis loss detcimined , or, by lunning at a low siieed, t 
eddy cuiient loss becomes so small as to be practically negligible, a 
leadings taken under these conditions are, for all commercial purposes, f 
only ones necessary A test sample with wiie coil is shown in Fig 
whilst the complete appaiatus may be seen in Fig 5, page 12 

A modification (Fig 6) of this instrument does aivay v ith the adju 



Fig 6 


ment of the magnetising current and the sepaiate deteimination of 
induction for difteieiit tests In this case the electro-magnet is modi 
into tvo of much greater length, and of a cioss-section of about one-tl 
that of the sample lot of lings The an gap is made as small 
piacticable, so that there is very little leakage A very high magn 
motive force is applied to the electro-magnets, so that the flux m tl 
changes only veiy slightly with considerable corresponding vaiiation m 
current With any such vaiiatioii from the average as is likely to occu: 
the rings on account of vaijniig permeability, the total flux through tl 
will be neaily constant, with the magnetisation fuiiiished m this man 
The sample rotates in opposition to a sjnral spring, and the angle of iota 
IS proportional to the hysteresis loss In general a coriection has tc 
applied for volume and cross-section, as the rings do not, owing to vs 
tions m the thickness of the sheets, make piles of the same height 
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magnets are rotated slowly by giving them an impulse by hand, and the 
reading is made when a steady deflection is obtained 


Ewinct Hysteresis Tester 

In Professor Ewing’s appaiatus' the test sample is made up of about 
seven pieces of sheet iron in wide and 3 m long These aie rotated 
between the poles of a permanent magnet mounted on knife-edges The 
magnet carries a pointer which moves over a scale Two standards of 
known hysteresis properties are used for reference The deflections eon es- 
pondmg to these samples are plotted as a function of their hysteiesis losses, 
and a line joining the two points thus found is referied to in the subsequent 
tests, this line showino the i elation existing between deflections and 
hysteiesis loss The deflections aie piactically the same, with a gieat 
variation in the thickness of the pide of test-^Dieces, so that no coirection 
has to lie made foi such variation It has, among other advantages, that 
of using easily piepared samples The appaiatus is shown m Fig 7 


Properties op Materials 

The magnetic pioperties of iron and steel depend upon the physical 
structure , as a piiinary indication of which, and as a specific basis for the 
description of the material, chemical analysis foims an essential part of 
tests The physical stiueture and the magnetic properties aie affected to a 
gi eater or less degree according to the chemical composition , by annealing, 
tempering, continued heating, and mechanical strains by tension oi com- 
pression The rate of cooling also influences the magnetic pioperties of the 
material , the permeability of cast iron, for instance, is diminished if the 
cooling has been too lapid, but it may be restoied by aniiealmg, the only 
noticeable change being that the size of the flakes of graphite is mci eased 
The peimeabihty of high carbon steels may also be mci eased by annealing 
and diminished by tempering, and that of wi ought non or steel is diminished 
by mechanical strain , the loss of 'permeability resulting from mechanical 
strain, may, however, be lestoied by annealing 

The effect on the magnetic properties, of the different elements entering 
into the composition of non and steel, varies accoi cling to the peicentage of 


^ Electiic^any Apiil 26th, 1895 
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other elements present The presence of an element which, alone, would 
be objectionable may not be so when a number of others are also present , 
for instance, manganese in oidmary amounts is not objectionable in iron and 
steel, as the influence it exerts is of the same nature as that of carbon, but 



Fig 7 


o-reatly less m degree Some elements modify the influence of others, 
tdiile\orae, although themselves objectionable, act as an antidote for 
11101 e harmful impurities as for instance, m cast non, silicon tends to 
oft-set the injurious influence of sulphur The relative amounts and the 


^ Elect'i ic%an^ April 26th, 1895 
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sum of the various elements vary slightly, aceoi cling to the slight 
variations in the process of inanufactuie On account of the more or 
less unequal diffusion of the elements, a single anal3’’sis may not indicate 
the average quality, and may not, in extreme cases, fairly represent the 
quality of the sample used in the magnetic test It is necessaiy, therefore, 
to make a great number of tests and analyses before arriving at an 
appioximate result as to the effect of anj'’ one element The conclusions 
heie set forth, as to the effect of various elements, when acting with the 
other elements generally present, are the result of studjnng the analji'ses 
and magnetic values when the amounts of all but one of the principal 
elements reinamed constant The results so obtained were compared 
with tests in which the elements that had remained constant in the first 
test vaiied in propoition 

It will be seen that this method is only approximate, since vaiiations 
of the amount of any element may modify the interactions between the 
other elements The statements herein set forth have been compared 
with a great number of tests, and have been found correct within the 
limits between which materials can be economically produced in piactice 

In geneial, the purei the iioii or steel, the more nnpoitant is the 
unifoimit}’- of the process and treatment, and the more difficult it is to 
predict the magnetic properties from the chemical analysis It is sig- 
nificant to note that, beginning with the most impure cast iron, and 
passing through the several grades of cast iron, steel and wrought iron, 
the magnetic propeities accord principally with the amounts of carbon 
present, and in a lesser degree with the proportions of silicon, phos- 
phorus, sulphur, manganese, and other less usual ingredients, and that 
an excess of any one, or of the sum of all the ingiedients, has a noticeable 
effect on the magnetic propeities Carbon, on account of the influence 
it exeits on the melting point, may be regaided as the controlling element, 
as it determines the general processes , hence also the percentage of 
other elements present m the purer grades of non However, its influence 
may sometimes be secondary to that of other impniities , as, for instance, 
in sheet non, wheie a considerable percentage of carbon has been found 
to permit of extremely low initial hysteresis loss, and to exeit an influence 
tending to maintain the loss at a low value during subjection to pio- 
longed heating 

The properties of iron and steel require separate examination as to 
magnetic permeability and magnetic hysteresis The permeabihtj^ is of 
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Pvoparhes of Cast Iron 

the greatest importance m parts in which there is small change in tl 
magnetisation , hence such parts niaj’- be of any desired dimension, ai 
may then be either cast, rolled, or foiged On account of the electric 
losses by local cuirents when the magnetism is reversed in solid ma&s< 
of metals, paits subjected to varying magnetic flux have to be fine] 
laminated Thicknesses of between 014 m and 036 in aie general' 
found most useful foi plates, which must be of good non to withstai 
the rolling process Some impurities affect the hysteresis more the 
the permeability Hysteresis tends towards a minimum, and the pe 
meabihty towards a maxunuin, as the percentage of elements, other the 
iron, diminishes 

In the case of coinpaiatively pure non or steel, alloyed with niek< 
it IS found, however, that the pei meabihty is increased beyond that wIik 
would be infened fioin the other elements present The puiest ir< 
has been found to have the highest pei meabihty, yet the iron in whi' 
the hysteresis loss has been found smallest is not remarkable for its punt 
and there was no known cause why the hysteiesis was reduced to su 
a noticeable extent The treatment of the iron, both during and sub^ 
quent to its manufacture, exerts a great influence upon the final result 


The Magnetisation op Ikon and Steel 

Cast Iron — Cast non is used for magnetic pui poses on account of i 
gi eater facility with which it may be made into eastings of complex foi 
Considering the lelative costs and magnetic piopeities of cast non and ste 
as shown in the accompanying curves, it is evident that east iron is, otl 
things being equal, inoie costly for a given magnetic lesult than cast sti 
The great progress m the manufacture of steel castings has lendeied 
use of cast non exceptional in the construction of well-designed electii 
machines 

The cast iron used for magnetic pin poses contains, to some extent, 
tliose elements which crude non bungs with it from the oie and from 
fluxes and fuels used in its reduction Of these elements, carbon has 
gieatest effect on the magnetic peimeability The amount of cai 
present is necessarily high, on account of the materials used, the pro 
employed, and its influence in determining the melting point In cast 
of good magnetic quality, the amount of carbon vanes between 3 per c 
and 4 5 per cent , between 0 2 per cent , and 0 8 per cent being m a c 
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bined state, ^ and the remainder in an uncombined or graphitic state 
Combined carbon is the most objectionable mgiedient, and should be 
restiicted to as small an amount as possible Cast irons having less than 
0 3 per cent of combined carbon aie generally found to be of high magnetic 
permeability Fig 8 shows curves and analyses of three different grades 
of cast non The effect of different proportions of combined caibon may be 
ascertained by comparison of the lesults with the accompanying analyses 
111 Fig 9 IS given the result of the test of a sample carried up to veiy high 
saturation It is useful for obtaining values corresponding to high 
magnetisation, but as shown by the analysis and also by the curve, it is a 
sample of rather poor cast iron, the result being especially bad at low 
magnetisation values The cast iron generally used for magnetic pui poses 
would be between curves B and C of Fig 8 

G-rapliite may vary between 2 per cent and 3 pei cent -without 
exerting any veiy marked effect upon the permeability of cast non It is 
generally found that when the percentage of graphite approximates to the 
lower limit, there is an increase in the amount of combined carbon and a 
corresponding decrease of jiermeabihty A certain percentage of carbon is 
necessary, and it is desirable that as much of it as possible should be in the 
giaphitic state Sulphur is generally present, but only to a limited extent 
An excess of sulphur is an indication of excessive combined carbon, and 
inferior magnetic quality Silicon in excess annuls the influence of sulphur, 
and does not seem to be objectionable until its amount is greater than 
2 per cent , its effect being to make a casting homogeneous, and to lessen 
the ainouiit of combined carbon The amount of silicon geneiallj’- varies 
between 2 5 per cent m small castings, and 1 8 m large castings Phos- 
phorus in excess denotes an inferior magnetic quality of iron Although in 
itself it may be harmless, an excess of phosphorus is accompanied by an 
excess of combined carbon, and it should be restricted to 0 7 per cent or 
0 8 per cent. Manganese, m the proportions generally found, has but 
little effect , its influence becomes more marked m iions that are loiv in 
carbon 

Figs 10 and 11 show fuither data relating to irons shown in Fig 8, 
grades A and C respectively 

Malleable Ccost Iron — When cast iron is decarbonised, as m the 
process for making it malleable, m which a portion of the graphite is 


1 Arnold, “ Influence of Oaibon on lion,” Proa hist G E , \’ol cxxiii , page 156. 
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eliiiiiuated, theie is a marked mciease in tlie peimeability Tins is due, 
however, to the change in the physical stiucture of the non which accom- 
panies the decaiboiiisation, as nnmalleable east iron, of chemical analysis 
identical with that of malleable iron, has but a fi action of the permeability 
In Tig 12 are shown the magnetic projoerties of malleable cast iron , 
Fig 13 illustrates the magnetic propeities of mixtures of steel and pig iron 

Cast Steel — The teiiii “ east steel,” as used m this place, is intended to 
refer to recarbonised irons, and not to the piocesses of manufactuio where 
there has been no recarbonisation, as m irons made by the steel process 
Cast steel iisedfoi magnetic pin poses has been geneially made by the open- 
hearth or Siemens-Martin process, the principal reason being that this 
process has been more fiequently used foi the manufactuie of small cast- 
ings The Bessemer process could, perhaps, be used to greatei advantage 
in the manufacture of small castings than the open-heaith process, since, on 
account of the considerable tune elapsing between the pom mg of the hist 
and last castings, there is fiequently by the ofien-hearth process a change 
of temperatuie in the molten steel, and likewise a noticeable difference in 
the magnetic quality In the Bessemei process the metal can be main- 
tained at the most suitable tenipieratuie, and the composition is more easily 
regulated 

Cast steel is distinguished by the very small amount of caibon present 
which IS m the combined state, there being geneially no graphite, as in the 
case of cast iron, the exception being when castings are subjected to great 
strains, in which case the combined carbon changes to graphite It maybe 
appi oximately stated that good cast steel, from a magnetic standjroint, 
should not have greatei peiccntages of impurities than the following 



Pei Cent 

Combined caibon 

0 25 

Pliosphoiiis 

OOS 

Silicon 

0 20 

IManganese 

0 50 

Sulphur 

0 05 


In practice, caiboii is the most objectionable impurity, and may be 
with advantage restricted to smaller amounts than 0 25 per cent The 
results of a great nuinbei of tests and analyses show that the decrease in 
the permeability is proportioned to the amount of carbon in the stool, other 
conditions remaining equal , that is, that the other elements are present in 
the same proportion, and that the temperature of the molten steel is 



Magnetisation Curves of Iron and Steel 
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increased according to the degree of puiity. Cast steel at too low a 
temperature considering the state of purity, shows a lower peimeability 
than would be inferred from the analysis Manganese in amounts less than 
0 5 per cent has but little effect upon the magnetic pioperties of ordinal y 
steel In large proportions, however, it deprives steel of nearly all its 
magnetic propeities, a 12 per cent mixture scarcely having a greater 
permeability than air Silicon, at the magnetic densities economical in 
practice, is less objectionable than carbon, and at low magnetisation 
inci eases the permeability up to 4 or 5 per cent but at higher densities it 
diminishes the permeability to a noticeable extent The objection to 
silicon IS that when unequally diffused it facilitates the formation of blow- 
holes and, like manganese, has a haideiung effect, rendering the steel 
difficult to tool in machining Phosphorus and sulphur, in the amounts 
specified, are not objectionable , but in excess they generally lender the 
steel of inferior magnetic quality 

In Tables I and II are given the analyses and magnetic proper- 
ties of what may be termed good and poor steel respectively In Fig 14, 
curves A and B represent the average values corresponding to these two 
sets of tests 

The extent to which the jiercentage of phosphorus affects the result, 
may be seen from the curves of Fig 15 The curves of Fig 16 show the 
deleterious effect of combined carbon upon the magnetic properties The 
magnetic properties of steel are further illustrated in Figs 17, 18, and 19 


Table I — Data op Ten First Quality Samples of Cast Steel 


Ampere-Turns per 

Kilolines per Scxuare Inch 

Inch of Length 

1 

2 

3 

' ^ 

5 

6 

7 

S 

9 

10 

Average 

30 

78 6 

77 5 

78 0 

83 2 

84 0 

79 4 

84 5 

78 0 

81 4 

84 0 

80 9 

50 

91 0 

87 7 

89 6 

93 0 

94 2 

89 6 

93 5 

88 5 

91 5 

93 5 

91 2 

100 

102 

98 6 

100 

102 

107 

100 

104 

99 4 

102 

103 

101 8 

150 

107 

104 

107 

106 

113 

106 

no 

105 

108 

107 

107 3 


Analysis 


Carbon 

240 

267 

294 1 

1 180 

290 

250 

200 1 

230 1 

170 1 

180 

230 

Phosphoi US 

071 

052 

074 

047 

! 037 

093 

047 , 

100 

089 1 

047 

057 

Silicon 

200 

236 

202 j 

120 

036 

230 

173 i 

160 

150 

120 

195 

Manganese 

480 

707 

655 

323 

550 

410 

630 

450 

390 i 

323 

482 

Sulphur i 

040 

060 

050 i 

050 

050 

030 

030 

040 i 

020 1 

050 

042 


^ See Electiieal Woild^ Decembei 10th, 1898, page 619. 
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Table II — Data of Ten Second Quality Samples op C\st Steel 


Ampere Turns per 

Kilolmes per Square Inch 

Inch of Length 

1 

2 1 

3 1 

4 

5 

6 

7 

8 

9 

10 

Average 

30 

68 3 

68 3 

69 0 

58 0 

60 0 

64 5 

67 0 

64 5 

60 0 

73 0 

65 3 

50 

82 0 

82 0 

84 5 

72 2 

74 8 

78 0 

80 5 

80 0 

76 0 

87 0 

79 7 

100 

96 0 

911 

97 6 

87 0 

89 6 

92 2 

92 9 

94 8 

91 0 

101 

93 G 

150 

102 

100 

102 

92 8 

96 0 

98 7 

98 7 

101 

96 5 

106 

99 4 


Analysis 


Caibon 

250 

280 

195 

' 333 

337 

366 1 

409 

318 1 

702 1 

380 

357 

Phosphoius 

087 

076 

028 

059 

1 045 

151 

063 

107 

084 

066 

077 

Silicon 

210 

210 

683 

292 

302 

476 * 

444 

203 

409 

550 

378 

Manganese 

790 

720 

815 

681 

642 

617 

640 

1 636 

088 

790 

742 

Sulphur 

020 

030 

040 

060 

070 

010 

010 

030 

050 

030 

038 


Mitis Eon — In Table III are given analy&es and magnetic piopeities 
of aluminium steel, frequently referred to as “ mitis iron ” The action 

Table III — Data op Twelve Samples of Mitis Iron 


Kilolmes per Square Inch 


Inch of Length 

1 

2 

1 

3 

4 

5 

9 

7 

8 

9 

10 

11 

12 

A voi - 
age 

30 

81 3 

93 5 

93 5 

82 0 

89 g' 

91 5 

90 3 

69 6 

64 5 

83 l' 

82 0 

76 0 

83 1 

50 

87 6 

100 

101 

93 5 

96 8 

101 

98 6 

81 6 

76 7 

92 2l 

92 2 

86 5 

92 3 

100 

95 5 

109 1 

108 

104 

105 

108 

106 

92 0 

89 5 

102 1 

103 

96 5 

101 5 

150 

100 

114 

113 

109 

no 

112 

110 

98 0 

95 5 

108 1 

108 

101 

JOG 5 


Analysis 


Carbon 

065 

|105 

106 ^ 

125 

136 

212 

214 

216 

235 

241 

242 

260 

180 

Phosplioi us 

083 

093 

112 1 

166 

053 

056 

052 

128 

065 

093 

094 

120 

093 

Silicon 

073 

045 

050 

046 

111 

126 

111 

083 

122 

072 

099 

020 

080 

Manganese 

112 

108 

099 

120 

191 

405 

401 

167 

107 

248 

253 

140 

196 

Sulphur 

150 

050 

050 

050 ' 

030 

040 

040 

010 

030 

,030 

030 

030 

015 

Aluminium 

079 1 

* 

|059 

1 

183 ' 

008 1 

1 

273 

* 

152 

I 055 

120 

119 

080 

113 


* Not determined 


of aluminium in steel is, like that of silicon, sulphur, oi phosphorus, 
of a softening nature It seems to act moie poiveifully than silicon, tho 
castings having a somewhat greater degree of puiity and a higher 
magnetic quality than steel castings made by processes of equal i cfinonicnt 
It will be seen from the analyses that the aluminium is present m amounts 
ranging fioni 0.05 per cent to 0 2 per cent , and that this permits of making 
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yijocl casting b ^Mth aliout one-half as much silicon and manganese as in 
ordinal y cast steel The amount of caibon, aLso, is geneially somewhat 
les,s An inspection of these tests and analyses of mitis iron shows that 
they do not furnish a clear indication as to the effect of the various impiiiities 
It will be noticed, however, that in those of poor magnetic qualities there is 
generally an excess of impurities, this excess denoting a lack of homogeneity 
and a greatei degiee of haidness than in those of good quality 

Mitis non is, magnetically, a little better than ordinary steel up 
to a density of 100 kilolines, but at high densities it is somewhat 
infeiioi The magnetic result obtained fiom mitis non up to a density of 
100 kilolines is practically identical with that obtained from wrought-iion 

foromgs 

o o 

A curve representing the average of the twelve samples of Table III , 
IS given 111 Fig 20 

Xiclel Steel — Some of the alloys of steel with nickel possess remark- 
able magnetic properties^ A 5 jier cent inixtuie of nickel with steel 
shows a gieatci permeability than can be accounted for by the anal 3 "sis o1 
the piopertiCb of the components The magnetic properties of nickel alloyi- 
aic shown m Fig 21 ’ 

Foigings — Forgings of wrought non are, m practice, found to be 
of unifoim quality and of high magnetic peimeability In cm'ves A and I 
of Fig 22 are shown the magnetic properties of wrought non, nearh 
pure, and as geneiallj’' obtained, i especti\ elj’' The foiniei is made b^ 
the steel process at the Elswick Works of klessis Sir W G- Aamstiom 
and Co, Limited, but ovniig to its excessively high melting point 
it IS only inanufactuied for exceptional pin poses CuiieD ilhistiates ai 
inferior giade of wrought non, its low permeability being attiibutabl 
to the excess of phosphorus and sulphiu’ Ciiive C shows the piopeitie 
of a forging of Swerhsh iron, in the analysis of which it is somewha 
rcmaikable to find a small peicentage of graphite 

For the wrought-iion forgings and foi the sheet non and sheet stei 
geneially used, curve B should preferably be taken as a basis for calciik 
tions, although the composition of the sheets aviII not be that give 


1 For iufoimatio.1 as to the lematkable conditions coutiolliiig the magnetic piopeities 
the alloys of nickel and non, see Di J Hopkmson, Boyal Ac, lol xlvii , page . 

cind \ol xhiii, page 1 , i i 

■2 Various investigations have shown that the peuueabihby o£ bteel is grea y essei 

the pieseiice of chiomiuiu and tiings*-en 

K 
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by the analysis The composition of some samples of sheet iron and 
sheet steel, the results of tests of which are set foith on pages 30 to 32, 
IS given in Table IV Such mateiial however is subject to large 
%'^ariations in magnetic properties, due much moie to treatment than to 
composition 


Table TV — Analysis of Samples 


Bi and 

Silicon 

Phosphorus 

Manganese 

Sulphur 

Caibon 

I 

019 

Xot determined 

490 

Not determined 

120 

IT 

007 

Not determined 

420 

Not determined 

062 

III 

009 

083 

610 

026 

056 

IV 

003 

Xot detei mined 

570 

Not detei mined 

044 

V 

ti ace 

029 

020 

trace 

050 

VI 

VII 

005 

059 

500 

048 

040 

VIII 

IX 

X 

003 

018 

490 

014 

052 


In comparing wrought-iron forgings Avith unforgecl steel castings. 
Professor Ewing notes’- that the former excel m permeability at low 
densities, and the latter at high densities This he illustrates by the 
curves leprodueed in Fig 23, in which aie given results for Swedish 
wrought iron and for a favouiable example of unforged dynamo steel 
by an English maker He states that annealed Lowmoor iron would 
almost coincide with the curves for Swedish iron 

Professor Ewing fuithei states that there is little to choose between 
the best specimens of iinfoiged steel castings and the best specimens 
of forged ingot metal The five ciiives of Fig 24 relate to results of 
his ovn tests, regarding samples of commercial non and steel Of these 
curves, A refers to a sample of Lowmooi bar, forged into a ring, annealed 
and turned , B to a steel forging furnished by Mi R Jenkins as a 
sample of forged ingot metal for dynamo magnets , C to an unforgecl 
steel casting for dynamo magnets made by Messrs Edgar Allen and Co 
by a special pneumatic process , D to an unforged steel easting for 
cljmamo magnets made by Messrs Samuel Osboine and Co by the Siemens 
process, E to an unforgecl steel casting for dynamo magnets made by 
Messrs Fnediich Krupp, of Essen ~ 


^ Pioc Inst Civil Engineei May 19th, 1896 
2 Pioc InU 0 / Civil Enyineeis^ May 19th, 1896 
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Energy Losses in Sheet Iron 

The energ}'- loss in sheet non lu an alternating or rotating magnetic 
field consists of tiYO distinct quantities, the first being that by hystei esis or 
intei-moleculai magnetic friction, and the second that by eddy cm rents 
The loss by hysteresis is jnopoitional to the fieqiiency of the reversal of 
the magnetism, but is eiitiiely independent of the thickness of the iron, and 
inci eases with the magnetisation Theie is no exact law of the mciease of 
the hysteresis with the magnetisation, but within the limits of niagnetisa- 
tion obtaining in practice, and those m winch such inateiial can be pio- 
duced to give uniform results, the energy loss by hysteresis maj’' be taken 



to increase appi oximately with the 1 6 power of the magnetisation, as was 
first pointed out by J\Ir C P Steiiimetz 

Professor Ewmg and Miss Klaassen,” howevei, fiom a laige nunibor of 
tests, found the 1 48 powei to be bettei i epi esentative at the densities 
generally met in transfounois Other extensive tests point to the 1 5 
power as the average * 

The hysteresis loss is independent of the temperature at ordinal j'- 
woikmg temperatures, but from 200 deg Cent upw'aid the loss decreases 
as the temperature increases, until at 700 deg Cent it has fallen to as low^ 
as from 10 per cent to 20 per cent of its initial value Obviously this 


^ Elec Eng , New York, vol x , page 677 
- Electyician, April 13tL, 1894 
Elec Wo^ld, June 15th, 1895, 


Energy Losses in Sheet Lon 2' 

decrease at veiy high temperatures is of no commercial importance at thi 
present time ^ 

The magnitude of the hysteresis loss is somewhat dependent upon th' 
chemical composition of the iron, but to a far greatei degiee upon th' 
physical processes to which the non is subjected 

Annealing oj Sheet Iron — The temperature at which sheet iron i 
annealed has a prepoiideiatmg influence upon the nature of the result 
obtained Extended experiments concerning the relation of hysteresis los 
to tempeiature of aiiuealiiig, show that the higher the temperature th 
lower the hysteiesis loss up to about 950 deg Cent ^ Beyond tin 
tempeiature deleterious actions take place, the surfaces of the sheet 
become scaled, and the sheets stick together badly A slight stickim 
together is desirable, as it insures the non having been brought to tL 
desiied high temperature, and the sheets aie easily separated , but soo 
after passing this temperature (950 deg Cent), the danger of injuring tl 
iron becomes great 

Curves A and B of Fig 25 show the improvement eftected in tv 
different grades of iron, by annealing from high tempeiatures ^ 

Deterioration of Sheet D on — It has been found that the hystere^ 
loss in iron increases by continued heating * No satisfactory explanatu 
of the cause of this deterioration has yet been given Its amount depen 
upon the composition of the non, and upon the temperatuie from which 
has been annealed The best grades of charcoal iron, giving an excee 
jngly low initial loss, aie particulaily subject to deteiioiation tliiougli 


' 2'ech Qiuuletly, July, 1395, also Elek Zeii , April 6th, 1894 . also Phil Mag , Septi 
hot, 1397 , also in a veiy complete and valuable paper by D K Moirrs, Ph D , “ On the M 
netlc Properties and Electrical Resistance of Iron as dependent upon Temper atuie,” r 
before the Physical Society, on May 14th, 1897, are described a senes of tests of hysteie 
permeability, and lesistaiice, o\ei a wide range of temperatures 

^ This tempeiature depends somewhat upon the composition of the non, being bighei 


moie puie the non . c i i 

■> In this and much of the following work on hysteresis and on the properties of insulal 

materials, the authors are indebted to Mi Jesse Coates, of Lynn, Mass , and to Messis 

C OhnketandC 0 Wharton, of London, foi valuable assistance m the can y mg out ot te 

■“‘On SloM Changes in the Magnetic Peimeability of lion,” by William M Moi 
Proceedings of the Eo^^al Soc^ety, Janua.y 17th, 1895 , also Elect, an, ^ 

to Januaiy 11th, 1895 A lecent veiy valuable contiibution to this subject has been 
W Mr S R Ro.et m a paper entitled “Effects of Prolonged Heating on the Magi 
of bof,', e bbo Ho,. I So„ety, M., Utb, 189S It o„ot.«o .o... 

complete expeiimenfcal data 
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called “ageing” Iron annealed fiom a liigli temperature, altliougli more 
subject to loss by “ageing,” generally remains superior to the same grade of 
iron annealed from a lower temperature This was the case in the tests 
corresponding to Figs 26 and 27, but there are many exceptions 

Table V shows the results of “ ageing ” tests at 60 deg Cent 
on several diflerent biands of iron It will be noticed that m the 
case of those brands subject to increase of hysteresis by “ ageing,” the 
percentage rise of the annealed sample is invariably greater than that of the 
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unannealed sample, and that often the annealed sample ultimately becomes 
worse than the unannealed samples 

Brands III , V , and VI , are the same irons whose “ ageing ” records are 
plotted m Figs 28, 31, and 29 respectively 

From these investigations it appears that iron can be obtained which 
will not deterioiate at 60 deg Cent , but that some irons deteriorate rapidly 
even at this temperature , and that at a teiiiperatuie of 90 deg Cent even 
the more stable brands of iron deterioiate gradually Consequently, so far 
as 1 elates to avoidance of deterioration through “ageing,” apparatus, even 
when constructed with selected irons, should not be allowed to reach a 
temperature much above 60 deg Cent. 




'"‘Ageing'' of Sheet hoc 




Table V — Results op Tests on Ageing op Iron 
(From Tests by R C Clinker, London, 1896-7 ) 

Temperature of ageing = 60 deg Cent , except where other^vise stated 
The chemical anal^^ses of these samples aie given in Table IV , on page 27 


Brand of Iron 

Hysteiesis Loss in Watts per pound at 100 Cycles per Second, 
and 24,000 Lines pei Square Inch 

Increase in 1000 Hours 

Initial Loss 

After Ageing tor 

200 

Hours 

400 

Hours 

600 

Hours 

800 

Hours 

1000 

Hours 

T 







per cent 

Unannealed 

1 00 

1 00 

1 00 

1 00 

1 00 

1 00 

0 

Annealed 

0 41 

0 43 

0 43 

0 43 

0 43 

0 43 

5 

II 








Unannealed 

0 46 

0 46 

0 46 

0 46 

0 46 

0 46 

0 

Annealed 

0 39 

0 39 

0 40 

0 41 

0 42 

0 43 

10 

III 








U namiealed 

0 38 

0 38 

0 38 

0 38 

0 38 

0 38 

0 

Annealed 

0 33 

0 33 

0 33 

0 33 

0 37 

0 39 

18’ 

lY 








Unannealed 

0 86 

0 90 

0 94 

0 97 

1 01 

1 04 

21 

Annealed 

0 42 

0 50 

0 58 

0 66 

0 74 

0 83 

98 

Y 








Unaniiealed 

0 35 

0 40 

0 43 

0 45 

0 47 

0 49 

40 

Annealed 

0 36 

0 40 

45 

0 50 

0 53 

0 55 

53 

YI 








Unannealed 

0 65 

071 

0 83 

1 00 

1 09 

1 19 

83 

Annealed 

0 39 

0 41 

0 49 

0 62 

0 78 

0 90 

130 

YII 








Unamiealed 

0 80 

0 82 

0 82 

0 82 

0 82 

0 82 

3 

Annealed 

0 43 

0 44 

0.45 

0 45 

0 45 

0 45 

6 

YIII 








Un annealed 

0 36 

0 36 

0 36 

0 36 

0 37 

0 37 

3 

Annealed 

0 31 

0 32 

0 34 

0 35 

0 35 

0 o5 

13 

IX 

0 58 

0 58 

0 58 

0 58 

0 60 

0 64 

1C 

X 

0 42 

0 42 

0 42 

0 43 

0 47 

0 56 

33 


1 Tempeiatiue raised to 90 deg aftei 600 Iiouis 
“ Temperature laised to 90 deg aftei 650 hours 
3 Temperature raised to 90 deg after 670 hours 
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An examination of tlie results indicates that a lather impure non gives 
D most stable lesult It is believed that by annealing fioin a sufficiently 
5h tempeiatuie, such impuie non may be made to have as low an initial 
steresis loss as can be obtained Avith the purest non The loAvei melting 
int of nnpuie iron, however, imposes a limit , for such non cannot, in 
ler to anneal it, be brought to so high a tempeiatuie as puie non. 


EFFECT OF HIFNTINVOUE HEATING UPON TttE HYSTERESIS LOSS CF IRON 





ecause the surface softens and the plates stick together at comparatively 
)w temperatures 

The curves of Figs 30, 31, and 32 represent the results of mteiestmg 
ageing ” tests In Fig 30 the effect of a higher temperature upon the 
nnealed sample is clearly shown 

Effect of Pressure — Pressure and all mechanical strains are injurious 
veil when of no great magnitude, as they decrease the permeability and 
icrease the hysteretic loss Even after release from pressure, the iron only 
lartly regains its former good qualities In the curves of Fig 33 is bhown 





Propei'Liii'^ of Sheet Iron 


the eftect of applying pressure to two ditterent grades ot non, the measui 
ments having been made aftei the leinoval of the pre.s>sure 

Another interesting case is that shown in the curves A, B, and ( 
of Pig 34 These show the results of tests upon a certain sample of shec 
iron, as it was received from the inakeis, after it had l^een annealed, an 




after being subjected to a piessure of 40,000 lb per square inch, respective! 
It will be seen that the annealing in this case mateiially increased the p* 
meabihty, but that subjecting the sample to piessiiie diminished the p. 
meability below its original value 

The value of the hysteiesis losses while the iron is still undei pressi 
IS probably much gi eater Mr Mordey refeis to a case in which a piessi 
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of 1,500 lb per square inch was accompanied by an increase of 21 per cent 
in the coie loss Upon removing the pressure, the core loss fell to its original 
value’- Re-annealing lestores lion which has been iiijui eel by pressure, to 
its original condition 

This matter of injury by pressure, paiticulaily so far as relates to the 
increase while the non remains under pressure, is one of considerable im- 
portance, and in assembling armature and transformer sheets, no more tem- 
porary or permanent pressure should be used than is essential to good 
mechanical constiuetion 

Hysteresis Loss — The curves of Fig 35 give values for the hysteresis 
losses that can be obtained in actual practice Cuive B is for sheet steel 




such as should be used for transformer construction, and all non used in 
transformer Avork should be required to comply with these values Foi 
tiansformer work, iron of 014 m thickness is generally used 

For armature iron there is no occasion for such exacting lequiiements, 
and cuive A IS representative of the armature iron generally used lion 
for armatures IS usually 025 m to 036 in in thickness Cuive C gives 
the best result yet secured by Professor Eiving It ivas from a strip of 
transformer plate 013 in thick, rolled from Swedish iron ^ Its analysis was 


Pei Cent 

Carbon 02 

Silicon 032 

Manganese tiace only 

PhospboruH 020 

Sulphur 003 

lion (by difference) 99 925 


^ “On Slow Changes in the Magnetic Permeability of Iron,” by William M Moidey, 
Fi oceedi7igs of the Royal Society^ January 17th, 1895 

Prooeedings of the Inshtxihon of Gxvil Engineers^ May 19th, 1896 
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This iron ages very rapidly The iron of Fig 28 is only 6 per cent 
woise initially when annealed, and at 60 deg Cent it does not deteriorate 
Its analysis has already been given. 


Eddy Current Losses 


111 sheet iron the eddy current losses should theoretically conform to 


the formula ^ 


W = 1 50 X <2 X N2 X X 10“ 


m which 

W = watts pel pound at 0 deg Cent 
t = thickness m inches 
N = periodicity in cycles per second 
B — density in lines per square inch 


The loss decreases 5 per cent per degree Centigrade inciease of 
temperature The foimula holds for iron, whose specific resistance i» 
10 microhms per centimetie cube, at 0 deg Cent . and which has a weight 
of 282 lb pel cubic inch These are repiesentative values for the grades 
used, except that m sheet steel the specific resistance is apt to be consider- 
ably higher 

Ciiives giving values for various thicknesses of iron are shown in 
Fig. 36 

Owing possibly to the uneven distiibution of the flux, particularly at 
the joints, the observed eddy current losses are, in transformei iron, from 
50 to 100 per cent in excess of these values, even when the sheets are 
insulated with Japan varnish or otherwise 

Estimation of Armature Core Losses — With regard to the use of 
curve A m the estimation of aimatuie coie losses, the values obtained from 
curve A may for practical purposes be considered to represent the 
hysteresis component of the total loss To allow for other components O’ 
the total core loss, the values obtained from curve A should be multiphec 
by from 1 3 to 2 5, according to the likelihood of additional losses Bnefly 
this large allowance for eddy current losses in armature iron is render ei 
necessary owing to the eflfect of machine work, such as turning down 
filing, &c., these processes being destructive to the isolation of the plate 
from each other. 

1 For thicknesses gi eat ei than 025 in, magnetic scieening greatJy modites the lesnli 
Kegaiding this, see Professor J J Thomson, London, EleUiicxan, April 8th, 1892 Piofessc 
Ewing, London, Electi ician, April 15th, 1892 
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Table X 

— Influence 

OF MANGANEbE 


Resistance m Miciohms per 

Centimetre Cube 

C 

Composition 

Mu 

Si 

17 8 

09 

0 24 

0 1 

22 

09 

0 95 

0 1 

24 5 

1 2 

0 83 

02 

40 

1 2 

1 8 

09 

66 magnetic ) 

80 noii-magnetic^ ) 

1 

13 

03 


Insulating Materials 


The insulating materials used in dynamo constiuction vary gieatly, 
according to the method of use and the conditions to be withstood 
The insulation in one part of a dynamo may be subjected to high clectiical 
pressmes at model ate tempeiatures , in another pait to high temperatures 
and model ate electiical pi assures , in still anothei part to severe nieclia- 
nical stiains No one material m any marked degree possesses all the 
qualities lequiied 

Mica, eithei composite or solid, has been vciy laigely used on 
account of its extiemelj’’ high insulating qualities, its propeity of with- 
standing high tempeiatuies without cleterioiation, and its freedom from 
the absorption of moisture In the construction of commutators mica 
IS invaluable The use of mica, howevei, is restricted, on account of 
its lack of flexibility 

Moulded mica, le, mica made of numerous small pieces cemented 
togethei, and formed vhile hot, has been used to insulate ai mature coils 
as well as commutatois Its use, however, has not been entirely satis- 
factory, on account of its brittleness 

Composite sheets of mica, alternating with sheets of papei specially 
piepaiecl so as to be moisture proof, have been found highly suitable 
for the insulation of armature and field-magnet coils The following 
Table shows roughly the electrical properties of composite sheets ot 
white mica — 


Thickness 
0 005 
0 007 
0 009 
0 011 


Table XI 

Pimctuiiiig VoltAgc 
3,600 to 5,860 

7.800 „ 10,800 

8.800 „ 11,400 
11,600 „ 14,600 


> In another paper by the same author are set forth results showing the mlluence of 
tempering upon the electric resistance ot steel Comples Rerdus de VAcademu des 
June 20tL 1898 
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The other materials that have been foand more or less satisfact 
accoidmg to method of preparation and use, aie linen soaked with lin, 
oil and dried , shellaced linen, which is a bettei insulator than c 
linen, but liable to be irregular m quality and buttle , oiled bi 
paper, which is fairly satisfactory when baked, “ piess boaid,” wl 
shows very good qualities, and has been used with satisfaction to msu 
field-magnet coils 

Wheie linseed oil is to be employed, the material should 
thoroughly dried before applying the oil 

Red and white vulcanised fibres are made by chemically trea 
paper fibre They have been used as insulators with varying succ 
the mam objection to them being their decidedly poor mechanical quali 
so far as warping and shrinking are concerned This is due to t 
readiness to absoib moisture from the an Baking improves the i 
lating qualities, but renders the substance brittle Whenever i 
necessary to use this material, it should be thoioiighly painted to rei 
it waterproof The insulating quality varies according to the thicki 
but good vulcanised fibre should withstand 10,000 volts in thickne 
varying from A- m to 1 in , this puncturing voltage not inei easing i 
the thickness, owing to the increased difficulty of thoroughly dn 
the inner part of the thick sheets 

Sheet leatheioid possesses substantially the same qualities, 
IS made according to the same processes as vulcanised fibie A thick 
111 this material of m should safely withstand 5,000 volts, and shi 
have a tensile strength of 5,000 lb per sqiiaie inch 

Tible XIT — Tlsis on yiiEcrs or LririiEPOiD 


Insulation Stiengtli 


iliioknoss 

Total Volts 

Vulti pel JMil 

in 




5,000 

320 

7?" 

8,000 

256 

J 

(T T 

12,000 

256 

1 

1 0 

1 15,000 

240 


15,000 

120 

i 

TIT 

6,000 

32 

i 

6,000 

24 


With such mateiials as vulcanised fibie and sheet leathe 
mciease m thickness is not necessarily accompanied by mere 
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insulation lesistance, owing to the difficulty of obtaining unifoimity 
throughout the thickness of the sheet This is well shown in the tests 
of leatheroid sheets of various thicknesses, given in the piecediug Table 
Hard rubber in various forms is sometimes useful, owing to its 
high insulating qualities Its use is lestiieted, however, fiom the fact 
that at 70 deg Cent it becomes quite flexible, and at 80 deg Cent it 
softens 

Hard rubber should stand 500 volts per mil thickness Sheets 
and bais of hard riibbei should stand bending to a radius of 50 times 
their thickness, and tubes to a ladius of 25 diameters 

Slate IS used for the insulation of the terminals of dynamos, &c 
Ordinaiily good slate will, when baked, withstand about 5000 volts ])ei 
inch in thickness 

The chief objection to slate is its hygroscopic quality, and it lecpmes 
to be kept thoroughly diy, otherwise, even at veiy model ate voltages, 
considerable leakage will take place Where practicable, it is desirable 
to boil it in paiaffin until it is thoioughly impregnated 

Slate IS, moieover, often permeated with metallic veins, and iii 
such cases is quite useless as an insulatoi Even in such eases its 
mechanical and fireproof properties make it useful foi switchboaid and 
teimmal-board work, when le-enforced bj^ ebonite bushings 

Marble has the same faults as slate, though to a less extent 
Kiln-dried maple and othei ivoods aie fiequently used, and will 
stand from 10,000 to 20,000 volts per inch in thickness 

The varnishes used for electrical pin poses should, in addition to other 
insulating qualities, withstand baking and not be subject to the action 
of oils Of the vainishes commonly used, shellac is one of the most 
useful Theie aie a number of varnishes on the market, such as Insullac, 
P and B paint. Sterling Vainish, Armalac, &c 

One of the special insulating materials readily obtainable that has 
been found to be of considerable value is that known as “ vulcabeston,” 
which will withstand as high as 315 deg Cent with appaiciitly iio 
deterioration This material is a compound of asbestos and lubbei, 
the gieatei propoition being asbestos Vulcabeston, oidmaiily .mod' 
will vnthstand 10,000 volts per ^ in of thickness 

As lesults of tests, the following appioximate values may be 
taken — ^ 

Eed press-board, 03 in thick, should stand 


10,000 volts It should 
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bend to a ladius of five tunes its thickness, and should have a tensile 
sticngtli along the gram of GOOO lb pei squaie inch 

Hod lope papei, 01 m thick, having a tensile strength along the 
gram of 50 lb per inch of width, should stand 1000 volts 

Manilla paper, 003 in thick, and having a tensile strength along 
the gram of 200 lb per inch of width, should stand 400 volts 

Tests on Oiled Fabeics 

Oiled cAmbnc 007 m thick stood fiom 2800 to 4500 volts 
„ cotton 003 „ „ 6300 „ 7000 „ 

„ papei 004 „ ,, 3400 „ 4800 ,, 

,, „ 010 „ 5000 volts 

A number of composite insulations are in use, consisting generally 
of s])lit mica stiips pasted with shellac on to sheets of some other 
inateiial The pimcipal ones are — 

1 Insulation consisting of two sheets of 005 in thick red papei , with 
one thickness of mica between them, the v hole being shellaced togethei 
into a compound insulation 015 in thick This stands on the average 
3,400 volts 

2 Combined mica and bond-papei of a thickness of 009 in had a 
breaking stiength of from 2,000 to 3,000 volts 

3 Composition of mica and canvas Mica strips are pasted together 
with shellac on to a sheet of canvas, and covered with another sheet of 
canvas shellaced on The mica pieces are split to be of approximately the 
same thickness — about 002 m — and lapped over each othei foi half then 
Avidth, and about in beyond, so as to msuie a double thickness of mica at 
every point Each low of strips is lapped ovei the preceding row about 

•j 

The sheets thus piepared aie hung up and baked foi 24 hours before 
use The total thickness should be taken at about 048 m , using canvas 
013 m This will stand about 3,000 R M S volts 

4 Composition of mica and longcloth, made up Avith shellac m the 
same manner as preceding material 

5 White caitiidge paper sheliacecl on both sides, and baked for 12 
hours at 60 deg Cent The total thickness is 012 in , and it will stand 
about 1,500 volts jier lajer 

It will doubtless have been obseived that the quantitative results 
quoted foi various materials are not at all consistent. This is probably in 

G 
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pait due to the different conditions of test, such as whether tested by con- 
tinuous or alternating current , and if by alternating current the form 
factor and peiiodicity would eftect the results, and it should have been 
stated whether maximum or effective (RMS) voltage ivas referred to 
Continuous application of the voltage will, fuithermore, often effect a 
breakdown in samples which resist the stiam for a short interval It is 
also of especial importance that the material should have been thoioughly 
dried prior to testing, though on the other hand, if this is accomplished 
bj^ baking, as would geneially be the case, the tenipeiature to which it is 
subjected may permanently affect the material It thus appeals that to bo 
thoioughly valuable, eveiy detail legarding the accompanying eonditic-ns 
and the method of test should be stated in connection ivith the results 

The importance of these points has only gradually come to be 
appreciated, and the preceding lesults are given for ivhat they aie woitli 
It IS tine that some tests have been made which are moic useful and 
instructive, and vaiious materials are being investigated exhaustively as 
rapidly as practicable Such tests are necessarily elaboiatc and expensive 
and tedious to carry out, but it is believed that no simple method v\ ill give 
a good working knowledge of the insulating propeities of the material 


Table XIII —Summary op Quality or Insolatino JMati rials 


— 

Electiical 

Thei iiial 

Mechanical 

Mica 

Evcellent 

Evcellent 

Pool 

Haid rubbei 

jj 

Pool 

Good 

Slate 

Y ei y pool 

Good 


Maible 

Good 



Vulcabeston 

Fail 

1 Excellent 


Asbestos 

Good 


Pool 

Yulcanised bbie 


Good 


Oiled Imen 

E-vcellent 

Fan 

Fan 

Shellaced linen 

Good 

> 

Pool 


Hyg IQS{ opiL 

Excollciit 

Fan 

Pool 

>? 

(toocI 

> J 

Pool 

P.ni 

Pool 


Effect of Temperature upon Insulation Resistance 

The resistance of insulating materials decreases very rapidly as the 
temperature luci eases, except in so fai as the high temperature acts to 
expel moisture Groverned byi these considerations, it appears that the 
apparatus should, so far as relates to its insulation, be run at a siifBcieiitly 
high temperatuie to thoroughly fiee its insulation from moistnie The 
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great extent of these changes in insulation resistance is very well shown in 
the accomjiaiijnng curve (Fig 37) taken fiom an investigation by Messis 
Sever, Monell and Peny * It shows for the case of a sample of plain 
cotton duck, the impioveinent in insulation due to the expulsion of 
moistuie on iiici easing the teinpeiature, and also the subsequent 
deterioration of the insulation at higher teinpeiatures 


Description op Insulation Testing Methods for Factories 

The subject of testing insulating mateiials can be approached in two 
ways, having regard either to the insulation lesistance oi to the disrujDtive 



strength Messis Sevei, Monell and Peny, in the tests alreaJj'- alluded 
to, measured the formei, but for practical purposes the latter is often 
preferable 

Various methods of testing insulating mateiials have been devised 
fiom tune to tune , but aftei many expeiiments on different lines the 
following has been evolved, and has been found very suitable foi investi- 
gations in factory Avork The appaiatus lequiied consists of — 

1 A special step-up transformei foi obtaining the high potential 
from the ordinary alternating curient low potential ciicuits The design 
of this transfoimei is illustiated in Figs 38 and 39, Avhich aie fully 
dimensioned 


^ “ ElTect of Teaiptiuituie on Iii'DiiLiting MateiiaU,” Aineucaii Institute of Electncal 
Engiiieeis, May‘'‘20tli, 1896 
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2 A water rlieostat for regulating the cuirent in the primary of the 
transformer Tins consists of a glass jar, containing two copper plates 
imcneised in water, the position of the uppei one being adjustable 

3 A Kelvin electrostatic voltmeter, of the vertical pattern, foi 
measuring the effective voltage on the secondarj’’ of the transformer 

4 A testing board foi holding the sample to be tested This, as 
shown in Pigs 40 to 43, consists of two biass discs ^ in thick and 1-^ m m 
diameter, the inside edges of which are lounded off to prevent an excess of 
intensity at these points These ai e pressed together against the sample 
by two brass strips, which also serve to apply the voltage to the 



discs The pressure between the discs is just enough to hold the sample 
firmly 

5 An oven for keeping the sample at the required temperature It 
consists (as shown in Fig 44) of a wooden box containing a tin case There 
should be an inch clearance between the two, which should be tightly filled 
with asbestos packing all round, except at the front where the doors are 
The tin case is divided horizontally by a shelf, which supports the testing 
board, while beneath is an incandescent lamp for heating the oven Ploles 
are chilled at the back to admit the high potential leads and lamp leads, 
and there is a hole in the top to admit a thermometer. 

Adjustment of the temperature is made by having a resistance in senes 
with the lamp, the amount of which can be adjusted till enough heat is 
generated to keep the temper ature at the required value 
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De'^cription of Step-up Transformer 

Core The coie is of the siiiole magnetic ciieuit type, aad is built up 
of noil punchmgs in by 7|- in , and in by 4^ in , for sides and ends 
lespectively, and 014 in thick EA'eiy other plate is japianned, and the 
total depth of piiiichings is 3j in , giving with an allow'ance of 10 per cent 
foi lost space, a net depth of iron of 2 92 in , and a net sectional area of 
3 65 squaie inches With an inipiessed E M F of form factoi = 1 25, the 
density is 36 4 kilolmes pei squaie inch 

The primaiy and secondary coils aie w'ound on opposite sides of the 
core on the lonoer leas 

o o 

PrimcDij Coils —TI \q primary consists of two coils foi in-wound, and 
those were slipped into place side by side The conductor is No 13 
SWG hare = 092 in in diameter Ovei the double cotton covenno' it 
iiieasLues 103 m , the cioss-section of copper being 0066 square inch 
Each coil consists of 75 turns in three layers, giving a total of 150 primary 
turns 

Secondary Cods — The secondary is wound m six sections on a ivooden 
leel, with flanges to separate the sections, as showm in Figs 38 and 39 
The conductor is No 33 S W G- baie, .010 m iii diameter Over the 
double silk coveiing it measuies 014 in , the cross-section of copper being 
000079 squaie inch Each coil consists of 1,600 turns, giving a total of 
9,600 secoiidaiy turns 

Insulation — The piimaiy coils aie WTapped wuth a layer of lolled tape 
(wdiite webbing) 1 m by 018 in half lapped and shellaced before being put 
on the core , they aie slipped over a layei of “ mica -canvas ” on the leg 
The secondaiy coils aie Avound diiect on the Avooden leel, Avhich is 
shellaced , they are coA'^eied outside with two or three layers of black tape 
(l in by 009 m ), shellaced 

Advantage of this Type for Insulation Tests — By having the primary 
and secondaiy on diffeient legs, the advantage is gained that, even on shoit 
ciicmt, no great floAv of cniieiit occuis, because of the magnetic leakage 

Connection Boards — The transfoimci is mounted on a teak boaid, on 
Avhich are also placed the secondaiy connection posts, as shoAvn in Fig 45 
The primaiy leads are bi ought to another teak board, which is for con- 
venience mounted on the top of the tiansformei This board is fitted Avith 
fuses 
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A number of samples may be tested simultaneously by connecting the 
testing boards m parallel, as shown in the diagram of connections given in 
Fig 45 A IS a single-pole switch in the mam secondary circuit, and 
B, B, B aie single-pole switches in the five branches 

The method of test is as follows A number of samples 4 in square 
aie cut from the material to be tested, and are well shuffled together. Five 
samples are taken at random, placed between the clips of the testing boards 
within the ovens, and brought to the temperature at which the test is 
to be made They should be left at this temperatuie for half an hour 
before test 

The apparatus may, of course, be modified to suit special requirements, 
but, as described, it has been used and found suitable for investigations 
on the disruptive voltage of various materials 

As an example of such an investigation, we give one in Table XIV 
that was made to determine the effect of different durations of strain and 
different temperatures on the disruptive strength of a composite insu- 
lation known as mica-canvas 

Two hundred samples, measuiing 4 in by 4 in , were cut and well 
shuffled together, in order to eliminate variations of different sheets 
Befoie test, all samples were baked for at least 24 hours at 60 deg Cent 


Methou of Test 

Five samples weie placed between the clips of the testing boards, 
and the voltage on the secondary adjusted by the water rheostat to 
2,000 volts, as indicated by a static voltmetei Switch A was open 
and switches B, B, B closed (Fig 45) Switch A was now closed for 
five seconds, and if no sample broke clown the voltage was raised to 3,000, 
and Switch A again closed for five seconds This application of the voltage 
IS practically only momentary, as the capacity current of the samples 
brings down the voltage slightly because of magnetic leakage in the 
transformer, five seconds not being a long enough interval to admit of re- 
adjusting the pressure to the desired value 

When any sample broke down, as indicated by the voltmeter needle 
dropping back to zero, it was disconnected from the circuit by its 
switch, B , it being easy to determine which sample had broken down 
by lifting switches B, B, B, one by one, till one of them drew out 
an aic 
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The lemainirg samples were then subjected to the next 
voltage, and so on until all five samples had bioken down 


Table XIV — Insulation Tests , Mica-Oanvas 
Tempe‘> ature 25 deg Cent 


Eflectn e 
Voltage 
ImpreBs’cl 


Duiation 5 Seconds 

Uuiatioii 10 jVImutes 

Duration 30 Minii 

Numbei of Samples Pnpieicod 

1 

Numbei of Samples Unpieieed 

Numbei of Samples Ur 

2000 

5 

5 

5 

5 

pel cent 

100 

5 

5 

5 

5 

pel cent 
100 

! 

5 

5 

5 

5 

3000 

5 

; 5 

5 

5 

100 

5 

5 

5 

5 

100 

5 

5 

5 

5 

4000 

5 

5 

4 

5 

95 

5 

5 

5 

5 

100 

5 

3 

3 

3 

4500 

5 

5 

4 

5 

95 

4 

2 

5 

5 

80 

5 

2 

2 

3 

5000 

4 

5 


5 

90 

1 

1 

3 

3 

40 

4 

1 

1 

1 

5500 

4 

4 

3 

5 

SO 

0 ! 

0 

3 

2 

25 

2 

0 

0 

0 

6000 

3 


2 

3 

50 

0 

0 1 

2 

1 j 

15 

2 

0 

0 

0 

6500 

3 

1 

2 

1 

35 

0 

0 

T 

0 

10 

1 

0 

0 

0 

7000 

1 

0 

1 

0 

10 , 

0 i 

0 

1 

0 

5 

1 

0 

0 

0 

7500 

0 

0 

1 

0 

5 1 

0 

0 

0 

0 

0 

1 

0 

0 

0 

8000 i 

0 , 

0 1 

1 

0 

5 1 

0 

0 

0 

0 i 

0 

1 

0 

0 

0 


Tempei atm e 60 deg Gent 


2000 

5 

5 

5 

5 

100 

5 

5 

5 

5 

100 

5 

5 

5 

5 

3000 

5 

6 

5 

5 

100 

5 

5 

5 

5 

100 

5 

5 

5 

5 

4000 

5 

3 

5 

4 

85 

4 

2 

2 

5 

65 

1 

4 

2 

4 

4500 

5 

3 

5 

3 

80 

1 

2 

2 

3 

40 

1 

3 

2 

4 

5000 

3 

2 

5 

2 

60 

1 

L 

2 

2 

30 

0 

3 

1 

4 

5500 

1 

2 

5 

1 

45 

0 

0 

1 

0 

5 

0 

3 

0 

2 

6000 

0 

0 

5 

1 

30 

0 

0 

0 

0 

0 

0 

1 

0 

1 

6500 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

8 

7000 

7500 

8000 

0 

0 

0 1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

! 

0 

0 1 

! 

0 


Temper atuie 100 deg Cent 


2000 

5 

5 

5 

5 

100 

5 

5 

5 

5 

100 

5 

5 

5 

5 

3000 

5 

5 

5 

5 

100 

5 

4 

5 

5 

100 

5 

5 

5 

5 

4000 

4 

5 

5 

4 

90 

4 

4 

5 

5 

90 

2 

5 

0 

4 

4500 

4 

5 

4 

4 

85 

3 

3 

3 

3 

60 

1 i 

3 

0 

2 

5000 

2 

5 

3 

4 

70 

2 

2 

3 

2 

45 

1 , 

0 

0 

0 

5500 

1 

5 

2 

3 

55 

1 

1 

2 

2 

30 

0 

0 

0 

0 

6000 

1 

3 

1 

2 

35 

1 

1 

1 

0 

15 1 





6500 

0 

1 

0 

1 

10 

1 

0 

0 

0 

5 





7000 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 





7500 i 

i 
















A senes of four tests, as above, were taken, making a tot 
twenty samples tested undei the same conditions 
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A st-t of twenty bamples was tested with the impiessed voltage kept 
constant for ten minutes, and anothei set, in v Inch it Avas kept constant 
for thnty minutes 

A complete senes of tests was made under the above three con- 
ditions — at three difterent temperatures — 35 deg Cent , 60 deg Cent , 
and 100 deg Cent The samples were left m ovens for at least half 




an hour, at approximately the light temperature, before being tested 
The temperatuie during test did not vary more than 10 per cent 

The results of these tests are given in the Table above, and they 
are plotted as curves m Figs 46 to 51, the effective (RMS) voltage 
impiessed as abscissae, and the percentage of samples not broken doivn 
at that voltage as oidmates In Figs 46, 47, and 48 curves are 
plotted for same temperatures and different durations, while m Figs 49, 
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50, and 51 they aie plotted for different temperatures for the 
duration 

As the form of the electiomotive force wave would affect the les 
and as it was impracticable to keep account of the same, the cui 
being supplied by Thomsoii-Houston and Biush alternators luii 
in paiallel and at various loads, the effects were eliminated as mud 
jDossible by making tests on different sets of samples on different da 
It IS evident from the results obtained that 3000 RMS \ 




IS the limit of safe-woikmg voltage of this mateiial undei all conditic 
tried 

It would also appeal from cuives in Pigs 4G, 47, and 48, tl 
vith the momentaiy application of the voltage, the material does n 
have time to get so strained as foi a loiigei duiation of the ap23li 
voltaoe, and that between the ten-minute and thiitv-mmute cluiatioiis t 
difference is not so marked 

From curves in Pigs 49, 50. and 51, it seems that in the case 
this mateiial the tempeiature does not have much effect on the clisru 
tive voltage, although at 60 deg and 100 deg the shellac becom 
softened, and the sain^ile may be bent back on itself without cracking 










Insulation Tests of fSIateiials 


A corresiDonding’ set of tests was made on matoual called “ iiiiea 
cloth., ” winch difFeied from the “mica-canvas” only in the natuic of tlu' 
upon which the mica was mounted. The “ long -cloth ” is an inoxpe 
giade of linen serving meiely as a structure upon which to huild tlu‘ ii 
The mode of manufacture is the same as that of “ inica-canv.is,” ux 




that the sheets of “long-cloth” are fiist impiegnated with shellac and the 
diied The mica IS then put on in the same manner as with the “nne-i 
canvas” The “ long. doth ” is 0052 in thick, and the imca vai ms h on 
001 m to 009 in , but aveiages 002 in The total thickness of the “ line- 
long-cloth” completed, averages 025 in This includes two sheets m 
mica long-cloth, with in tei posed mica, the mica having everywhere al 
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least a double thickness When made up, the sheets were placed foi three 
or foul hours in an oven at 60 deg Cent The sheets weie then cut up 
into samples measuring 4 in by 4 ui , and were again baked for twenty- 


four hours befoie testing 


Table XV — Mic^. Long-cloth 
Teinpeiatuip^ 25 deg Cent 


2000 

3000 

4000 

4500 

5000 

5500 

6000 

6500 

7000 

7500 

8000 


2000 

3000 

4000 

4500 

5000 

5500 

6000 

6500 

7000 

7500 


Effective Voltage 

Duration o Seconds 

j Duration 10 Minutes 

Impressed 











NumGei of »Samples 0 K 

1 Numbet of Samples 0 K 

2000 





l*t?r 

Lent 




1 

Ui 

• ullt 

5 

5 

5 

5 

100 

5 

5 

5 

5 

100 

3000 

5 

5 

5 

5 

100 

5 

5 

5 

5 

100 

4000 

5 

5 

5 

5 

100 

4 

4 

5 

5 

90 

4500 

4 

5 

5 

5 

95 

4 

3 

3 

5 

75 

5000 

4 

5 

5 

4 

90 

3 

2 

1 

9 

40 

5500 

3 

2 

5 

3 

65 

2 

1 

1 

1 

25 

6000 

2 

2 

4 

2 

50 

0 

0 

0 

0 

0 

6500 

0 

2 

2 

1 

25 

0 

0 

0 

0 

0 

7000 

0 

2 

1 

0 

15 

0 

0 

0 

0 

0 

7600 

0 

1 

0 

0 

5 

0 

0 

0 

0 

0 

8000 

0 

1 

0 

0 

5 

0 

0 

1 

0 

0 


DiUtXfcion 3U Minutes 


Tempei aim e, 60 deg Cent 


1 I 0 


100 

100 

100 

100 

80 

60 

40 

20 

10 

5 


100 

100 

100 

GO 

35 

10 

0 

0 

0 

0 

0 


Temper atu'te, 100 deg Gent 


5 

5 

100 

5 

5 

5 

5 

100 

5 

5 

5 

5 

5 

5 

100 

5 

5 

5 

5 

100 

5 

5 

5 

5 

5 

5 

95 

5 

5 

4 

5 

95 

5 

3 

3 

3 

5 

0 

95 

4 

4 

2 

5 

75 

4 

0 

3 

0 

4 

3 

70 

3 

1 

2 

3 

45 

1 

0 

1 

0 

3 

1 

45 

2 

0 

2 

0 

20 

0 

0 

0 

0 

1 

1 

20 

0 

0 

0 

0 

0 

' 0 

0 

1 ^ 

0 

0 

0 

1 

5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


1 Lt 

< I lit 
100 
100 
95 
85 
50 
30 
0 
0 
0 
0 
0 


100 

100 

95 

35 

10 

0 

0 

0 

0 

0 

0 


100 

100 

70 

35 

10 

0 

0 

0 

0 

0 


The leeults which aie given m the Table and plotted as curves, show 
much the same chaiactei as those for “ mica-canvas,” the limit of safe 
woikiiig being about 3,000 B M S volts as before The results as plotted 
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in the curves sujDport the former conclusion, that with five .seconds du 
of the application of the voltage, the material is not so much si rain 
by longer applications As before, also, the temperature does not app 
aftect the disruptive voltage 

These tests show the material to be quite as good olecti ically as " i 
canvas,” nothing being gained by the extra thiclaie.ss of the lattci 
‘^mica-canvas ” and the “ mica long-cloth” had the same thickness ol' i 
but the canvas is so much thicker than the “ long-cloth ” as to make 
total thickness of the “mica-canvas” 048 in , as against a thicknc)- 
only 02.^ in for the “mica long -cloth ” The insulation .stioiigt 
evidently due solely to the mica 

Table XVI — .yuELLAc’D Paper (Two Slieots) 

Tempe') atui e, ti5 deg Cent 


Effecfcix e Voltage 
Impressed 


Duration, 5 Seconds 


Duiation, 10 JMiuuIlh 


DiuAtum, Mmuh 


ISTiimbei of Samples 0 K I Ninuboi of Samples 0 K j Niindu i of S impb u ( > 


( Lilt 

5 100 
5 100 
4 80 

3 55 

1 30 

0 0 


I tJtit 

5 100 
5 100 
3 70 

1 35 

0 5 

0 0 


Tc})ipe}atii') e, 60 dag Cent 


0 0 


5 5 100 5 5 5 5 
4 5 90 5 3 5 5 
3 4 75 2 3 3 3 
3 3 55 1 0 0 0 
0 2 25 0 0 0 0 
0 0 0 0 0 0 0 


Tempet atwi e, 100 deg Cent 


5 100 
5 90 


5 

1 5 

5 

5 100 6 

5 

5 1 5 

3 

3 

4 

4 70 2 

2 

1 ! 2 

2 

1 

3 

2 40 2 

0 i 

1 0 

0 

0 

1 

1 10 1 

0 

0 , 0 

0 

0 

0 

0 0 0 

0 

0 0 

0 

0 

0 

0 0 0 

: 0 

0 0 


In the following set of tests the same method of piocedurc v 
employed, the material m this case being so-called “ ShcIlacM Papci 
which consists of cartridge papei about 010 m thick. pa.^tod with shell, 
on both Sides and then thoroughly baked The aveiage thickness wlu' 
finished is about 012 in This material is often used a.s imsulation betwe. 
layers of the wmdmg.s of transformers, in thicknesses of from one to thu 
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Insulation Tests of Materials 

sheets, according to the voltage per layer It was found con'v 
test two sheets of the material together, in order to bring the d 
voltage within the lange of the voltmeter The use of two thiekn< 
tended to produce more uniform results As will be seen, the di 
the application of the voltage, and the temperatuie up to 100 de 
exert a slight hut definite infiuenee upon the results But at 
Cent the shellac becomes quite soft 

The tests sIioav that this material ivithstands a little over 1 OOC 
volts per single sheet, although in employing it for construction, a 
safety of two or three should be alloAved undei good conditions, ai 
higher factor for the case of abi’upt bends and othei unfavourable coi 
Fuithei tests showed the disruptive strength of this materi 
piopoitional to the numbei of sheets 

Curves and Tables are given below of the results obtained in 
tests on a material known as “ Red Paper ” It is 0058 in thick, a 
a fibrous nature, and mechanically strong , hence especially us 
conjunction with mica, to strengthen the latter 


Table XVII — Red Paper (Pout Sheets) 



Temper ahue^ 60 deg Cent 
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{SOU a) EFFECTIVE VOLTAGE IMPRESSED 





IiLkidntunL TcUs of MntcnuiJs 

The method of test was the same as that employed, in the case ot 
preceding set of tests on ‘'Shellac’d Paper,” and for the reasons set f' 
in those tests, it was found in this case convenient to test four sheet 
the material together 

An examination of the cuives and Tables will show that the linn 
safe working is 2,500 RMS volts for four sheets, or 625 volts for a sii 
sheet, other tests having been made which showed the bieakdown pi’oss 
to be pro 2 iortional to the numbei of sheets 

It also appeals from the cuives, that “ Red Paper ” has a more uiiilb 
insulation strength than the materials jireviously tested As in the case 
“ Shellac’d Papei,” it showed weakening of the insulation at a temjieiati 
of 100 deg. Cent 

Fioni tests such as the four sets just described, very definite cone 
sions may be drawn. For instance, if it were desired to use “ mica-canva 
as the chief constituent of the mam insulation of a 2,000 volt transform' 
which should withstand an 8,000 volt breakdown test, between priiiuuy a 
secondary, for one half hour, three layers of this comjoosite insulation won 
be sufficient and would probably be inserted , though the chances would 
m favour of its withstanding a 10,000 oi 12,000 volt test if due attontn 
is given to guaiding against surface leakage, bending and cracking ai 
bruising of insulation, and othei such matters A comjiaiison "with tl 
tests on “ mica long-cloth,” would, however, shoAV that a given insulatit 
stiength could be obtained with a much thinner layer 

There are on the market patented composite mateiials giving sti 
bettei results But they are expensive, and hence it is often impiactieab] 
to use them 

In designing electrical machinery, similai tests of all insulatin 
material to be used should be at hand, together with details of thei 
mechanical, thermal, and other jiropeities, and reasonable factors of safet 
should be taken 

Armature coils are often insulated by serving them wntli linen o 
cotton tape wound on vith half-laj) A customaiy thickness of tape r 
007 in , and the coil is taped with a half over-lap, so that the tota 
thickness of the insulation is 014 in The coils aie then dipped in soim 
approved insulating varnish, and baked m an oven at a temperature o 
about 90 deg cent These operations of taping, dijiinng, and drying, aic 
repeated a number of times, until the required amount of insulation n 
obtained It has been found m practice that a coil treated in this manner 

I 
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and with but three layeis of 007-in tape (wound with half ovei-laji), dipped 
in varnish twice after the first taping, once after the second, and twice after 
the thud, le, five total dippings, and thoioughly baked at 90 deg cent 
aftei each dipping in varnish, withstands a high potential test of 
5,000 R M S volts, which is coiisidoicd sufliciont toi machines foi not o\ei 
600 \olt.s. Ainiatnrc coils insulated in the above inannoi aiegeneially 
placed 111 aimatuie slots lined with an oil-tieated caidboaicl of about 012 in 
111 thickness , but this contiibutcs Init little to the insulation sticngth, 
seiving lather to protect the thin skin of varnish fiom abiasioii when 
foicing the coil into the arniatuie slot In this tieatincnt of the coils, 
great care must be taken to sec that the taping be not iiioie than one half 
over -lap, and that the varnish docs not become too thick through evapoia- 
tion of the solvent All coils should be thoioughlj^ diied .iiid wanned 
before dipping, as the vainish will then penetiate faithei into them I'lie 
slot paits of coils aie dipped in hot paiaffin and the slots lined with ml- ei 
vainish-tieatcd caidboard, to prevent abiasion of the insulations Tlie 
greatest of caie should be used in selecting insulating vainishes and com- 
pounds, as many of thoni have inoved in piactiee to he wortlihss, a 
vegetable acid forming in the diyiiig jiiocoss, which coiiodes the lopjai 
through the formation of acetates or foi mates of co])per which in time lead 
to shoit-circiiits 111 the cod Some evcellcnt preparations have then 
effectiveness mipaiied by unskilful handling If, for instance, the hist i oat 
of the compound is not thoioughly chicd, the lesidual moistuie eon odes 
the coppei and lots the insulations By fai the best method of dicing is 
by the vacuum hot oven By this method, the coils stc<im ami swe.it, and 
all moisture IS sucked out A vacuum oven, iiioieovei, lerpnies a minh 
lower tempcratuie, consequently less steam, and veiy imudi less time 
Such an oven is almost a necessity where hold siiools have deep natal 
flanges, for in the ordmaiy oven, in such cases, the moistuio simply ( ooks 
and steams, but does not come out Cases have ocemred whcie spools 
have been kept in an oidmary diying oven foi ten daj-s at a tempci.ituie of 
90 deg cent, and then the spools had to lie fuithei diied nith a heavy 
current to sweat the moistuie out Field spools may be tieated witli tape 
and vainished in the same niaimei as armature cods, thus doing awav nutli 
the needless metal flanges, and also saving space 

As fuithei instances of taping and vaniishmg, may be cited the 
cases of some coils tieated with the same kind of tape and vaim.sh as 
alieady desciibed In one case, a half over-lapped coveiing of 007-m 
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tajDe, giving a total thickness of 014 in , had seven successive dippings and 
bakings, lesiilting in a total thickness of tape and varnish of 035 in 
Coils thus insulated withstood 6,000 RMS volts An insulation suitable 
for withstanding 15,000 RMS volts consists in tdjjiiig four times with 
half over-lap, and giving each taping thiee coats of varnish, making in all, 
eight layeis of 007-ui tape, and 12 layeis of vainish The total thickness 
of insulation was then about 09 in The quality of the tape, the thick- 
ness of the varnish, and the care in applying and diying the vainish, play 
an important part 

One disadvantage of this method of insulating armature coils by 
taping and impregnating with vainish and baking, consists m the biittleness 
of the eoveimg , and a coil thus tieated should preferably be warmed 
befoie pressing it into place on the aiinatiire 

Other methods of treating coils, such as dipping the slot part of the 
coil in shellac and then pressing it in a steam-heated press form, thus 
baking the slot pai t hard and stiff, have the advantage of render ing the 
coils less liable to damage in being assembled on the armature, and also 
make the coils more uniform m thickness Coils thus piessed are sub- 
sequently taped and dqojied in the way already descnbed 

Coils may be treated in a vacuum, to a compound of tar and linseed oil, 
until they become completely impregnated They are then foiced into 
shape under high pressure Coils thus prepared cannot be used in 
rotating armatures, as the centiifugal force tends to throw the com- 
pound out 
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AEMATUEE WINDINGS 

CoNTINCOirS-CuRRENT ArMATURE WINDINGS 

In tlie design of dynamo machines a primaiy consideiation is with 
respect to the armature windings Many types have been, and are, at 
present employed, but the large continuous-current generators now most 
extensively used for power and lighting purposes, as well as in the numerous 
other piocesses where electueal energy is being commeicially utilised on a 
large scale, are constructed with some one of a comparatively small number 
of types of winding^ Although the many other types may be more or less 
useful m particular cases, it will not be necessary for our present purpose to 
treat the less-used types 

The windings generally used may be sub-divided into two chief classes 
— one, in which the conductois are arranged on the external surface of a 
cylinder, so that each turn includes, as a maximum, the total magnetic flux 
from each pole, termed drum windings , the other, in which the conductors 
are arranged on and threaded tlu’ough the interior of a cylinder, so that 
each turn includes as a maximum only one-half of the flux fiom each magnet 
pole , this IS known as the Gramme, or ring winding 

One of the chief advantages of the Gramme winding is that the volt- 
i age between adjacent coils is only a small fraction of the total voltage, 
while in drum-wound arraatui’es the voltage between adjacent armatme coils 
13 periodically equal to the total voltage generated by the ai mature On 
account of this feature, Giamme windings aie largely used in the aimatuies 
of arc-light dynamos, in which case the amount of space required for 
insulation would become excessive for drum windings. There is also the 
practical advantage that Gramme windings can be arranged so that each 
^ coil IS independently leplaceable 

Giamrae-iing windings have been used with considerable success m 
large lighting geneiators, the advantage in this case being that the arniatnio 
conductois are so designed that the lachal ends of each tuin at one side of 
the armature aie used as a commutator , and with a given numbei of con- 
ductors on the external surface of the cylinder, the number of the commii- 
' ' tator bars is twice as gieat as m the drum- wound armature — an important 
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feature m the generation of large currents Having one commutator 
segment per turn, the choice of a sufficient number of turns keeps the 
voltage per commutator segment within desirably low limits The use of 
a large number of turns in such cases, while permitting the voltage per 
commutator segment to be low, would entail high armatuie reaction, mani- 
fested by excessive demagnetisation and distortion, if the nunibei of poles 
should be too small , but by the choice of a sufficiently large number of 
poles, the current per armature turn may be reduced to any desired extent 
While it is necessary to limit the armature stiength in this way, the cost 



of the machine is at the same time increased, so that commexcial consider- 
ations impose a restriction. 

Fig 70 IS an outline drawing of the armature and field of a 12-pole 
400-kilowatt Gramme-ling lighting geneiator, of the type just described 
Machines of this type have been extensively used in large central stations 
111 Anieiica, and it is one of the most successful types that haie ever been 
built 

In small machines where, instead of two-face conductors, there is often 
a coil of several turns between adjacent commutatoi segments, the Gramme 
rmo' IS, on the score of mechanical convenience, inferior to the drum wund- 
mg , since, in the case of the latter, the coils may be wound upon a foim, 
and assembled afterw^ards upon the armatuie core This is only made 



Elect) ic Gene 


()2 

practicable in the case of a Gramme ring, by tempoiarily removing a 
seoinent of the laminated coie This plan has obvious disadvantages 

These t\\ o practical classes of windings, Gramme ring and drum, may 
l.e sul.diMded, according to the method of iiitei connecting the conductois, 
into “ two-circuit ” and “multiple-circuit”' windings In the two-circuit 
windings, independently of the number of poles, there aie but two cn cm ts 
till .jugh the armatuie from the negative to the positive brushes, in the 
multiple circuit windings, theie are as many ciicuits through the aimatuie 
as thei e are poles 

Making comparison of these two sub-classes, it may bo stated that 
in the two-ciicuit windings the number of conductors is, for the same 
voltao^e, only 2/N times the number that would be required with a 
multiple-ciicuit winding, N being the number of poles , hence a saving is 
effected m the laboiii of winding and in the space requiied for insulation 
This last economy is frequently of great importance in small geneiators, 
either lessening the diameter of the armature oi the depth ol the an gap, 
and theieby consideiabl}’' lessening the cost of material 

It has been stated that Gramme-iing armatures have the advantage 
that only a small fraction of the total voltage exists between adjacent coils 
This IS only tiue when the Gramme armature either has a multiple-eiicuit 
Minding, or a certain particular type of two-circuit winding, known as 
tlie Andiews winding, ^e the long-connection type of tivo-cncuit 
Giainme-ring winding This leservation having been made for the sake 
of accuiacy, it is sufficient to state that multiple-ciicuit Giamme-ring 
windings are the only ones now used to any extent in machines of any 
consideiable capacity , and, as already stated, these possess the advantage 
referied to, of having only a small fiaetion of the total voltage between 
adjacent coils 


Drum Windings 

In the case of drum windings, it is obvious that all the connections 
from bar to bar must be made upon the rear and front ends exclusively , it 
not being practicable, as in the case of Giamme-ring windings, to bring 
connections through inside from back to front From this it follows that 
the face conductois forming the two sides of any one coil must be situated 
in fields of opposite polarity , so that the electromotive forces generated in 


This term applies to single aimatuie windings 



Drum Wtndiugs 


63 


the coaductois composing the turns, bj their passage through then 
lespective fields, shall act in the same direction aiouiid the turns or coils 
Bipolar ivindings aie, lu some cases, used in machines of as much as 
100 or even 200 kilowatts output, but it is now generally found desirable 
to employ multipoLu generators even for coinpaiatively small outputs 
The chief reasons foi this will bo explained heieaftei, in the section relating 
to the electro-magnetic limit of output 

Drum windings, like Gramme-img Avmdings, may be either multiple- 
ciicuit 01 two-circuit, leqiiiring m the latter case, for a given voltage, only 
2/N times as many conductors as in the former, and having the advantages 
inheient to this j^iopeity Owing to the relative peripheral ^Jositioii of 
successively connected conductors (in adjacent fields), two-ciicuit thum 
windings are analogous to the short-connection type, lather than to the 
long-conuection type of two-ciiciiit Gramme-iing windings The multiple- 
ciicuit dium windings aie quite analogous to the multiple-ciieuit Giamme- 
iing AVindings, the multiple-ciicuit chum possessing, however, the 
undesirable featiue of full airaatuie potential between neighbouring 
couductois , Avhereas one of the most valuable properties of the multiple- 
circuit Gianirae-ring winding is that there is but a very small fraction of 
the total ai mature potential between adjacent couductois 

In Fig 71 IS given the diagram of a multiple-circuit drum winding 
It is ai ranged accoi cling to a diagramatic plan which has proimcl convenient 
for the study of diuni windings The radial lines lepiesent the face 
couductois The connecting lines at the inside represent the end connections 
at the comuiutatoi end, and those on the outside the end connections at the 
othei end The brushes are drawn inside the commutator for convenience 
The airowheads show the cliiection of the cun ent thi ough the ai mature, 
those without arroivlieads (in other diagianis) being, at the position shown, 
shoit-ciicuited at the blushes By tracing thiough the winding from the 
negative to the positive brushes, it will be found that the six paths through 
the aiinatuie are along the conductors and m the older given in the six 
follow ing lines — 
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In makina the connections, each conductor at the front end is 
connected to the eleventh ahead of it , and at the back to the ninth behind 
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it In other words, the liont end pitch is 11, and the back end pitch is 
— 9, In piactically applying such a diagram, the conductois would 
generally be airanged with either one, two, or foui conductois in each slot 
Suppose there were two conductors per slot, one above the other , then 
the odd-numbered conductors could be consideied to lepiesent the upjier 
conductois, the lower ones being lepresented by conductors with even 
nuuibeis In older that the end connections may be of the oidinary 



double-spiial arrangement or its equivalent, the best mechanical lesult will 
be seemed by always connecting an upper to a lowei conductor , hence the 
necessity of the pitches being chosen odd 

The small sketch at the top of Fig 7 1 shows the actual location of the 
conductors on a section of the armatuie There might, of course, have 
been only one conductor per slot, or, when desiiable, there could be more 
than two. The grouping of the conductors in the diagram in pairs is 
intended to indicate an arrangement with two conductors per slot. But 
in subsequent diagiains it will be more convenient to arrange the face 
conductois equi-distantly 
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The following is a summary of the conditions governing multiple- 
circuit single windings, such as that shown m Fig 71 

a There maji' be any even number of conductors, except that in iion- 
clad windings the number of conductors must also be a multiple of the 
iiumbei of slots 

h The fiont and back pitches must both be odd, and must differ by 2 , 
therefore the average pitch is even 

c The average pitch y should not be very different fiom cjn Avhen c = 
number of conductors, and n = number of poles For chord windings, y 
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should be smaller than cju by as great an amount as other conditions will 
permit, oi as may be deemed desirable 

Multiple-ciicuit Avmdmgs may also be multiple-wound, instead of being 
sin ole- wound, as in the above instance We refer to a method in which 
two or more single windings may be supeipobed upon the same armatuie, 
each furnishing but a part of the total cuirent of the machine The rules 
goA^erning such windings are somewhat elaborate, and it is not necessaiy at 
present to go fully into the matter In Fig 72 is shown a six-circuit 
double winding Each of the tivo ivindings is a multiple-ciicuit winding, 
with SIX cii cults through the armature, so that the airangement results in 

K 
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only one-twelfth of the sixty coiiductois being m series between negative 
and positive brushes , each of the conductors, consequently, carrying one- 
twelfth of the total curient This particular winding is of the doubly 
re-entrant variety That is to say, if one starts at conductor 1 , and traces 
thiough the conducting system, conductor 1 will be le-entered when only 
half of the conductors have been traced thiough The other half of the 
conductors form an entirely separate conducting system, except in so far as 
they aie put into conducting relation by the brushes. If fifty-eight con- 
ductors are chosen, instead of sixty, the winding becomes singly re-entrant, 
1 e , the whole winding has to be traced through before the original con- 
ductor is again reached 

A singly re-entrant double wunding is symbolically denoted thus 
and a doubly re-entrant double winding by 0 0 There is no limit for such 
ariangements Thus we may have 

Sextuply re-entrant, sextuple windings, 

Tiiply re-entrant, sextuple windings. 

Doubly re-entiant, sextuple windings. 

Singly 1 e-entrant, sextuple windings, 

by suitable choice of total conductors and pitch In practice, multiple 
Mundings beyond double, or at most tuple, w'ould seldom be used Such 
windings are applicable to cases where large currents are to be collected at 
the commutator Thus, in the case of a triple winding, the brushes should 
be made of sufficient width to bear at once on at least four segments, and 
one-thud of the current passing from the brush will be collected at each of 
three points of the bearing surface of the brush, such division of the current 
tending to facilitate its sparkless collection A double winding has twice 
as many commutator segments as the equivalent single winding Another 
property is that the bridging of two adjacent commutator segments by 
copper or carbon dust does not short-circuit any part of the ai mature 
winding, and an aic is much less likely to be established on the commutator 
from any cause 


o o o o o o 
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Two-Circuit Drum Windings 

Two-cireuit dium windings are distinguished by the fact that the pitch 
18 always forward, instead of being alternately forw'aid and backward, as m 
the multiple-circuit windings 



Tivo Circuit Windings 6\ 

The sequence of connections leads the winding from a ceitain bai 
opposite one pole-piece to a bar similaily situated opposite the next pole- 
piece, and so on, so that as many bars as pole-pieces are passed through 
before another bar in the original field is reached 

A two-circuit single winding in a six-pole field is shown in Fig 73 
Tivo-circuit windings have but two paths through the armature, independ- 
ently of the number of poles Only two sets of brushes are needed, 
no matter how many poles there may be, so fai as collection of the current 



IS concerned , but in order to prevent the commutator being too expensive, 
it IS customary in large machines to use as many sets of blushes as theie 
are pole-pieces Where more than two sets of brushes must be used, that 
IS, m machines of large ciirient output, the advantages possible from equal 
currents in the two circuits have been overbalanced by the increased spaik- 
ing, due to unequal division of the current between the difl:erent sets of 
brushes of the same sign 

An examination of the diagrams will show that in the two-circuit 
windings, the drop in the armatuie, likewise the armature reaction, is 
independent of any mannei in which the current may be subdivided among 
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tlie different sets of brushes, but depends only upon the sum of the currents 
at all the sets of blushes at tlie same sign There are in the two-circuit 
windings no features that tend to cause the cuirent to subdivide equally 
between the diffeient sets of brushes of the same sign , and in consequence, 
if there is any diffeience in contact resistance between the different sets of 
brushes, or if the blushes are not set with the proper lead with respect to 
each other, there will be an unequal division of the current 

When there are as many sets of brushes as poles, the density at each 
pole must be the same , otherwise the position of the different sets of 
brushes must be shifted with respect to each other to conespond to the 
different intensities, the same as in the multiple-circuit windings 

In piactice it has been found difficult to prevent the shifting of the 
current from one set of brushes to another. The possible excess of curient 
at any one set of brushes increases with the number of sets , likewise the 
possibility of excessive sparking For this reason the statement has been 
sometimes made that the disadvantages of the two-circuit windings increase 
in propoition to the number of poles 

From the above it may be concluded that any change of the ai matin e 
with respect to the poles will, in the case of two-circuit windings, be 
accompanied by shifting of the current between the different sets of 
blushes, therefoie, to maintain a proper subdivision of the curient, the 
armature must be maintained in one position with lespect to the poles, and 
with exactness, since there is no counter action in the armature to prevent 
the unequal division of the current 

But in the case of multiple-circuit windings, it will be noted that 
the drop in any ciicuit, likewise the ai mature reaction on the field in 
which the cuirent is generated, tend to prevent an excessive flow of 
current from the corresponding set of brushes On account of these 
features (together with the consideration that when there are as many 
brushes as poles the two-circuit armatures lequiie the same nicety of 
adjustment with respect to the poles as the multiple-circuit windings), the 
latter aie generally preferable, even when the additional cost is taken into 
consideration 

In the section upon " The Electro-magnetic Limit of Output,” it will 
be shown that the limitations imposed by the use of practicable electio- 
magnetic constants restrict the application of two-circuit windings to 
machines of relatively small output 

Two-circuit windings may be multiple as well as single-wound. Thus 
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in Tig 74 Ave liave a two-circuit, doubly re-entrant, double winding Ai 
illustiation of the coiiA^enience of a double winding, in a case where eithei 
one of two voltages could be obtained without changing the number of face 
conductors, may be given by that of a six-pole machine with 104 armature 
conductors The winding may be connected as a two-circuit single winding 
by making the pitch 17 at each end, or as a twm-circuit doubly re-entrant 
double winding, by making the pitch 17 at one end and 19 at the other. 
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The second would be suitable for the same watt outjiut as the first, but at 
one-half the voltage and twice the current 


Formula for Two-Circot Windinus. 


The general foimula for two- circuit windings is 


wheie 


0 — n y ± 2 

C = number of face conductois 
n = numbei of poles 
y = average pitch 
m= numbei of av H idings 
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The ill windings will consist of a number of independently re-entrant 
windings, equal to the greatest common factor of y and m Therefoie, 
where it is desired that the m windings shall combine to form one re-entrant 
system, it will be necessary that the greatest common factoi of y and m be 
made equal to 1 

Also, when y is an even integer the pitch must be taken alternately, as 
(y — 1) and (y-M), instead of being taken equal to y 

Thus, in the case of the two-circuit single windings we have 

C = n ^ + 2 

and in double windings (m being equal to 2) we have 

0 = n y + 4 

As a consequence of these and othei laws controlling the whole subject 
of windings, many cuiious and important relations are found to exist 
between the number of conductors, poles, slots, pitches, &c , and with 
regard to re-entrancy and other properties ^ 


Windings foe Eotaey Conveetbks 


As far as relates to their windings, lotary converters consist of con- 
tinuous-current machines in which, at certain points of the winding, con- 
nections are made to collector rings, alternating currents being received or 
delivered at these points 

The number of sections into which such windings should be sub- 
divided are given m the following Table 


Tablk XVIII 


Single-phase lotary conveiter 
Three-phase rotary converter 
Quarter-phase rotary convertet 
Six-phase rotary conveitei 


Two Circuit 
Single 
Winding 

Sections 


Multi Circuit 
Single 
Winding 
Sections pel Pan 
Poles 


2 

3 

4 
6 


2 

3 

4 
6 


For multiple windings, the above figures apply to the number of 


^ 2 / — 3 and ?/ + 3, etc , also give re entrant systems, but the gi eat difference between the 
pitches at the two ends would make their use very undesirable except m special cases thus, for 
instance, it would be peimissible with a veiy laige number of conductors pei pole 
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sections per winding thus, a three-phase converter with a two-eircuit 
double winding would have 3x2 = 6 sections per pair of poles In the 
case of the three-phase rotary converter winding shown in Fig 75, 
which IS a two-circuit single winding, connection should be made from a 
conductor to one of the collector rings, and the winding should be traced 
through until oiie-third of the total face conductors have been traversed 
From this point, connection should be made to another collector ring 
Tracing through another third, leads to the point from which connection 


M 
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THREE PHASE ROTARY CONVERTER, TWO-CIRCUIT SINGLE WINDING 


should be made to the remaining collector ring, between which and the fiist 
collector ring the remaining third of the total number of conductors would 
be found to he It is desirable to select a number of conductors half of 
which IS a multiple of three, thus giving an equal number of pairs of con- 
ductors in each branch Where a multiple-circuit winding is used, the 
number of conductors per pair of poles should be twice a multiple of thi'ee 
A multiple-circuit three-phase rotary converter winding is given in Fig 76 
Further information regarding the properties of rotaiy converters, and the 
resultant distribution of current in their windings, is reserved for the 
section on “ Rotary Converters, ” 
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Alternating Current Windings 

In general, any of the continuous-current armature windings may be 
employed for alternating current work, but the special considerations 
leading to the use of alternating currents generally make it necessary to 
abandon the styles of winding best suited to continuous- current work, and 
to use windings specially adapted to the conditions of alternating current 
practice 

Attention should be called to the fact that all the i e-entrant (or closed 
circuit) continuous-current windings must necessarily be two-circuit or 



multiple-circuit windings, while alternating current aiinatures may, and 
generally do, horn piactical consideiatioiis, have one-circuit windings, i e , 
one circuit per phase From this it follows that any continuous- current 
winding may be used for alternating current work, but an alternating 
current winding cannot geneially be used for continuous-current work In 
other words, the windings of alternating current armatures are essentially 
non-re-entrant (or open circuit) windings, with the exception of the ring- 
connected polyphase windings, Avhich are re-entrant (or closed circuit) 
windings. These latter are, therefore, the only windings which aie 
applicable to alternating-continuous-curient commutating machines. 
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Usually for single-phase alternators, one slot or coil per pole-piece is 
used {as represented in Figs. 77 and 78), and this permits of the most 
effective disposition of the armature conductors as regards generation of 
electromotive force If more slots or coils are used (as in Fig 79), or, in 
the case of face windings,^ if the conductors are moie evenly distributed 
over the face of the ai mature, the electromotive forces generated in the 
various conductors are in different phases, and the total electromotive force 
IS less than the algebraic sum of the effective electromotive forces induced 
m each conductor 

But, on the other hand, the subdivision of the conductors in several 
slots 01 angulai positions per pole, or, m the case of face windings, their 
moie uniform distiibution over the peripheial surface, decreases the 
inductance of the winding, with its attendant disadvantages It also 
utilises more completely the available space, and tends to bring about a 
better distribution of the necessary heating of coie and conductors There- 
fore, m cases where the voltage and the corresponding necessary insulation 
peiinit, the conductors are sometimes spread out to a greater oi less extent 
from the elementary groups necessary m cases where very high potentials 
are used Windings in which such a subdivision is adopted, are said to 
have a multi-coil construction (Fig. 79), as distinguished from the form in 
which the conductors are assembled in one group per pole-piece (Figs 77 
and 78), which latter aie called unicoil windings 

In most multiphase windings, multi-coil construction involves only very 
slight sacrifice of electromotive force for a given total length of ai mature 
conductor, and in good designs is generally adopted to as great an extent 
as proper space allowance for insulation will permit 

It IS desirable to emphasise the following points regarding the lelative 
meiits of unicoil and multi-coil construction With a given number of 
conductors arranged in a multi-coil winding, the electromotive force at the 
terminals will be less at no load than would be the case if they had been 
ai ranged m a unicoil winding , and the discrepancy will be greater in 
pioportion to the number of coils into which the conductors per pole-piece 
are subdivided, assuming that the spacing of the groups of conductors is 
uniform over the entire periphery. 

But when the machine is loaded, the current in the armature causes 
reactions which play an important part in determining — as will be shown 


1 Otherwise often designated “smooth core windings,” as opposed to “ slot windings 

L 
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later — tlie voltage at the generator teiminals , and this may only be 
maintained constant as the load comes on, by increasing the field excitation, 
often by a very considerable amount Now, with a given number of 
armature conductors, carrying a given current, these reactions aie greatest 
when the aiinatuie conductors aie concentrated in one group per pole-piecc 



(Figs 77 and 78), that is, when the unicoil construction is adopted , and 
they decrease to a ceitain degree in proportion as the conductois aio 
subdivided into small groups distributed over the entire ai mature suiface, 
that is, they decrease when the multi-coil construction (Fig 79) is used 
Consequently, there may be little or no gam in voltage at full load by the 
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use of a unicoil winding over that which would have been obtained with 
a multi-coil winding of an equal number total of turns, although at no load 
the difference would be considerable This matter will be found treated 
from another standpoint in the section on “ Formulse for Electromotive 
Force ” 

Multi-coil design (Fig 79) also results in a much more equitable 
distribution of the conductors , and, in the case of iron-clad construction, 
permits of coils of small depth and width, which cannot fail to be much 
more readily maintained at a low temperature for a given cross-section of 
conductor , or, if desirable to take advantage of this point in another way, 
it should be practicable to use a somewhat smaller cross-section of 
conductor for a given temperature limit A final advantage of multi-coil 
construction is that it lesults m a more uniform reluctance of the magnetic 
circuit for all positions of the ai mature , as a consequence of which, 
hysteresis and edd}^ current losses aie more readily avoided in such designs 
A thoiough discussion of this matter is given in the section relating to 
the design of the magnetic circuit 

The unicoil winding of Fig 77 may often with great advantage be 
modified in the way shown in Fig 78, where the sides of the tooth are 
parallel, enabling the form-wound coil to be readily slipped into place The 
sides of the slots are notched for the leception of wedges, which serve to 
letam the coil in place Parallel-sided slots become more essential the 
less the number of poles Foi v-erj large numbeis of poles, radial slots are 
practically as good 

Fig 80 shows a Y-comiected unicoil three-phase winding, Fig 81 
differs fiom it only in having the windings of the thiee-phases A connected 

Fig 82 gives a portion of a three-phase winding, with fourteen field 
poles and twenty-one armature coils (three coils per two-pole pieces) 
This IS a representative of a type of windings known as fi actional pitch 
windinos, the relative meiits of Avhich will be discussed in the section on 
the design of polyphase generators The diagrams in Figs 83 and 84 give 
two more examples of fractional pitch — polyphase windings ^ 


Induction Motor Windings 

The windings of induction motors are not essentially difterent from 
many already described In order to keep the inductance low, the 


1 See also Butisli Patent Specification JSTo 30,264, 1897 
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windings both for the rotor and stator aie generally distributed in 
many coils as there can be found loom for on the surface, instead of beir 
concentrated in a few lai’ge coils of many turns each. This becomes ■ 
especial importance in motors of large capacity , m smaller motors tl: 
windings may consist of comparatively few coils This is the ease i 
Fig 85, wheie the statoi winding of a 7|- horse-p)ower four-pole three 
phase motor is divided up into two slots per pole-piece per phase. Th 
lotoi, Avhose winding is generally made up of few conductors, each of laig 
cross-section, is often most conveniently arranged with but one conducto 
per slot, as shown m Fig 85 The connection diagrams of these state 
and rotoi windings aie given m Fig, 86 Fig 87 gives a useful type o 
winding for either the stator oi the lotor of induction motors, the con 
ductois, repiesented by radial lines, being, in the case of the stator 
generally replaced by coils 

The matter of induction motoi windings wull be more completel} 
considered m the section devoted to the design of induction motors. 
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FORMULA FOR ELECTROMOTIVE FORCE 

In tins section, the dynamo will be considered with leference to tlie 
electromotive force to be generated in the aimatuie 


Continuous-Current Dynamos 


The most convenient formula for obtaining the voltage of continuous - 
cuirent dynamos is 

V = 400 TNMlO-5 

in which 


y = the voltage generated in the aimatuie 
T = tlie number of turns m senes between the brushes 
N = tlie number of magnetic cycles per second 

M = the magnetic flux (number of C G S lines) included or excluded by each 
of the T turns in a magnetic cycle 


V, the voltage, is appioximately constant during any period considered, 
and IS the integral of all the voltages successively set up in the different 
armatuie coils according to their position in the magnetic field, and since 
in this case, only average voltages are considered, the resultant voltage is 
independent of any mannei in which the magnetic flux may vary throug'h. 
the coils Therefore we may say that for continuous-cuirent dynamos, the 
voltage IS unaffected by the shape of the magnetic curve, le , by the 
distribution of the magnetic flux 

It will be found that the relative magnitudes of T, N, and M may 
(for a given voltage) vary within wide limits, their individual magnitudes 
being controlled by considerations of heating, electro-magnetic reactions, 
and specific cost and weight 

This formula, if correctly interpreted, is applicable whether the 
armature be a ring, a drum, or a disc , likewise for two-circuit and 
multiple-circuit windings, and whether the winding be single, double, 
triple, &c 
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To insure, for all cases, a coirect interpretation of the formula, it will 
be desirable to consider these terms more in detail 

T = turns in senes between biushes, 

= total turns on armature divided by numbei of paths tluough auuatuie fiom 
negative to positi\e blushes 

Foi a Giamme-iing aimatuie, total turns = numbei of face conductois 
For a dium ai mature, total turns = i numbei of face conductois 

With a given number of total turns, the turns in series between 
brushes depend upon the style of winding, thus 
For two-circuit winding, 

If single, two paths, independently of the number of poles 
If double, four paths, independently of the numbei of poles 
If tuple, SIX paths, independently of the numbei of poles, &c 

For multiple-circuit winding, 

If single, as many paths as poles 

It double, twice as many paths as poles 

If tuple, tliiee times as many paths as poles, &c 

N = tlie numbei of magnetic cycles pei second 

_ R P M X number of pairs of poles 
60 

It has been customaiy to confine the use of this term (cycles per 
second) to alternating curient woik, but it is desnable to use it also 
with continuous currents, because much depends upon it Thus N, the 
peiiodicity, cletei mines oi limits the core loss and density, tooth density, 
eddy cunent loss, and the armature inductance, and, theiefore also affects 
the spaikmg at the commutatoi It is, of couise, also necessarily a 
leading cousideiation in the design of rotary converters 

Although in practice, dynamo speeds are expiessed in levolutions per 
minute, the periodicity N is generally expressed m cycles per second 

M = flux linked successively ^vlth each of the T turns 

111 the case of the 

Giamme-nng machine, M = J flu'c from one pole-piece into aimatuie 
Drum machine, M = total flux from one pole-piece into aimature 


(M IS not the flux generated in one pole-piece, but that which, after 
deducting leakage, finally not only crosses the air-gap, but passes to the 
loots of the teeth, thus linking itself with the armature turns ) 



80 


Electric (ieneixitor^ 


Armatme cores are very often built up as rings for the sake of 
ventilation, and to avoid tlie use of unnecessary material , but they may 
be, and usually aie, wound as drums, and should not be confounded with 
Gramme- wound rin»s 

O 

The accompanying Table of drum-winding constants affords a 
convenient means of applying the rules relating to drum windings 

Table XIX — Drum-Winding Constants 


Number of Poles 


Class of Winding 


Yolts per lOOconductois 
per 100 revolutions pei J 
mmufce and flux equal \ 
to one megahne | 

A,verage volts between 
commiitatoi segments, 
per megahne and pei 
100 revolutions per" 
minute (in dependent of | 
number of conductors) H 


Multiple-/ 

/Triple^ 
r Single 
-! Double 
( Tuple 

Multiple-/ 


circuit 

Two- 

circuit 


j Double 
[ Triple 
f Single 

i, Double 
cnouit [triple 


circuit 

Two- 


4 

6 

8 

10 

12 

14 

16 

1 667 

1667 

1667 

1667 

1 b()7 

1 667 

1 ()67 

833 

833 

833 

833 

833 

833 

833 

556 

556 

556 

556 

566 

566 

656 

d 33 

5 00 

6 67 

8 33 

10 00 

11 67 

13 33 

1 667 

2 50 

3 33 

4 17 

6 00 

6 83 

6 67 

1 111 

1 667 

2 22 

2 78 

3 33 

3 80 

4 44 

1333 

200 ! 

267 

333 

400 

467 

531 

0668 

100 

1333 

1667 

200 

233 

267 

0445 

0667 

0888 

1111 

1333 

1566 

1778 

267 

600 

1068 

1668 

2 40 

3 27 

4 27 

1333 

300 

534 

834 

1 200 

1 6^5 

2 J4 

0888 

200 

356 

556 

800 

109 

1 42 


Alternatino Current Dynamos 

F or alternating cui rent dynamos it is often convenient to assume that 
the curve of electromotive force is a sine wave This is fiequently not the 
case , and, as will presently be seen, it is practicable and often necessary to 
consider the actual conditions of practice instead of assuming the wave of 
electromotive force to be a sine curve 


Curve op Electromotive Force Assumed to be a Sine Wave 
The formula for the effective no-load voltage at the collector iing is 

V = 4 44 T X M 10-«, 

this being the square root of the mean square value of the sine wave of 
electromotive force whose maximum value is 

V = 6 28 T X M 10-« 

In order that these formulae may be used, the electromotive force Avave 
must be a sine curve, i e , the magnetic flux must be so distributed as to 
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give tins lesult Tlie manner of distribution of tlie magnetic flux iii 
gap, necessary to attain tins lesult, is a function of the distribution of 
winding over the ai mature surface 

T ~ nuMibei of turns in senes between l)ius]ies 

N — nuinbei of uuigntUc c^eks pei second 

M = immbei ot C G S lines b^nivha\^^oudy linked with the T tin ns 

The flux will be hnlced witli the T turns only in 

case of unicoil windings, i e , Avindiugs m Avhich the conductors are so giou] 
that they are all sinnlaily situated m icspeet to the magnetic flux , in ot 
Avordsj they are all in the same pliase ^ 

The effective voltage at no load, goueiated by a given number of tur 
will be a inaxiiuuin when tliat is the case , and if the A'^oltagc for such 
case be repicsciitcd by uiiitj^, then the same immbci ofcouductois airang 
m “ two-coil,” “ tlnoc-coil,” &c , wiiuliiigs will, with the same values for 
N, M, genciate (at no load) voltages of the lelativc Aalucs, 707, 667, &c> 
until, Avhen Ave come to a A^uiiding in which the conductois are distiibut 
ovei the entire siiiface, as lu oidinaiy contiiuious-cuircnt dynamos, t 
relative value of the alternating cuirent A’^oltagc at no load, as couipai 
AAuth that of the same number of turns aiiangod in a umcoil Aviuchnof, av 

be .637 ^Avhicb = “"j 

Tabulating these lusults avc baA e 

Tabu. XX 

('onictioii l^'.LLtoi foi 

fd Distnlmh‘d Winding 


Unicoil winding 


1 000 



Two-coil WJJullllg 

\' ^ 

707 

X 

unicoil w Hiding 

Tliiec*-coLl winding 

V == 

087 

X 

> 

Foiu-coil winding 

= 

Of)! 

/ 

n j 

coil winding 


G17 

X 

)i 1 j 


The terms niii-, two-, tliree-coil, &c , in the above Table indicat 
whether the conductois arc airangcd in one, two, thicc, ko , equally-spacei 
groups per polc-pieco The conditions aic equivalent to the compoiien 
electromotive forces geneiatod in oacli gioup , being m one, two, three, &c 
difteieiit phasob, ineb])ec*ti\c ol‘the iniiube] of n'siiUant windings into w liicl 
they aie combined 


^ Fig 88, on page 84, will be of as&i&tanco jn ninU'j standing llio nonioiiclaiui e employee 
In designating these windings 
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The values given in. the Table may be easily cleclucecl by simple vector 
diagrams 

Instead of using such “ correction factors,” the following values may 
be substituted for K in the formula V = K T N M 10“'^ 


Tidle XXI 



VtiUies toi K 111 Foiiiuila 


Foi EfLoctive Volbage 

Foi M iMninin V<>U,i!j,l 

Umcoil winding 

1 44 

G 28 

Two-coil „ 

3 13 

4 44 

Three-coil „ 

2 9G 

4 19 

Eour-coil j, 

2 90 

411 

Many-coil „ 

2 83 

4 on 


(In all the preceding eases, as they apply only to smo wave cinvos, tlio 
ma.Yimii m value will be 1 414 times the effective value ) 


Values of K for Various Waves of Electromotivh Forch and 
OP Magnetic Flux Distribution in G-ai* 

The relative widths and aiiangcment of pole aic and ai matin e cnil 
exert a great influence upon the magnitude of the effective (and inaximuin) 
voltage for given values of T, N, M, because of the ditlciunt shapes of tlie 
waves of gap distiibution and induced elcctiouiotivo foicu Tins is sliown 
by the following Tables, where are given the values of K m the loimula 

V = KTNMIO-^ 

it being assumed that the magnetic flux M emanates iiuifoimly fiom tlm 
pole face, and traverses the gap along lines noimal to the polo fhci- This 
assumption being usually far from the facts, the following icsulis must In 
consideied more in the light of exhibiting the of vaiimis lolativo 

widths of pole face and the various arrangcinents of ai matin c loil, laihoi 
than as giving the actual results ivhich would be obseivod in jn.iotin. h'lio 
results are, nevertheless, of much practical value, piovided it is clo.uly lo pt 
in mind that they will be modified to the extent by wliioli tlio llii\ spionds 
out m crossing the gap from pole face to armatuie face 

The following Table applies to cases wheie the vaiioiis coinponciifvs of 
the total winding are distributed equi-distantly over the arinatuu- 



JE M F t'}L Alternating Cm rent Dynamos 
Table XXII — A^alles for K 

la the FoimuU V = K T N M 10’^, wlieie V = Eftective Voltage 
Pole Aio (e\piessul in pei Cent of Pitch) 

10 

12 t) 

8 06 
7 lU 
() ]_! 

] 0,) 


When the coilh are gatheied in gioupH of agicatei or less width, t 
values of K should be taken fioui Table XXIII given beloAv 

A bottei undei standing of the nomenclature employed in the 
two Tables will be obtained by an examination of the diagiams 
Fig 88 

Probablj?^ the method used in obtaining these values (simple giaphn 
plotting) IS substantially that used by Kapp in 1889 The six values 
gives chock the coiiesponding ones in Tables XXII and XXIII 

Table XXIII — Values of IC 

jn the FoiumLi V = KTN At wheie = Ettectn^e A^oltage 


Spio.ul ()1 Aiiti.iliuu 
Coil in pui Cent 
ot Piloh 


0 

10 

20 

10 

10 

no 

00 

70 

(SO 

00 

100 


It thu^ appeals that l»y inoiely vaiying the spiead of the pole aic ai 
the aiuiatuie coil, thuie may be obtained forgiven values of T, N, and JS 
values of the eflectno clectioniotne foice, varying fioni a little more thd 
half the coi responding value for a sine wave, up to seveial times tin 
^aluc (ill fact, AVith au infiintely small spicad of pole aic, provided the flu 
could bo niaiiitamed, an mflmtely laigc value of K would be obtained 
The maximum value increases at the same tune, in a still greatei propoitioi 




Wiiifliiig 


Uiiicuil 
Two-coil 
Tlno(‘-cofl 
Fom coil 
Many-ooil 
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Rotary Converters 

In rotary conveners we have an oidinary distributed continuous- 
„urier,t mnd.ng, supplying contmuous-cuu-ent wltage at the commutator, 
and alteraatmg-ourreut voltage at the collect™ rmga The same wi, d.ug, 
therefoie, selves both foi contiiiuous-eun eiit voltage and for alternating 

""""^^luppose that such a distiibuted winding, with given values of T, N, 
and M o-eneiates a continuous-cun eiit voltage V at the commutator 
Imagine °supeiposed on the same armature a winding, wuth the same 
number of turns T m senes, but with these turns concentrated in a unicoil 
wmdmo For the same speed and flux, and assuming a sine wave curve of 


JpL^SS 

u 


IS 


typ£s of vfinDii^^ 


U 


U 


U" 


r 'Ciirc 3il~ oT fuUJi 

0 I uC/l H/i 111 



I FokaroS/O'^ofpttch 

^ Four coil mndm^ 


LJ LJ Pole arc 50 of pitch 

uirLfuinj umnrmj LniiJUiJir” tprcadofudg eo^afpitcii 


LJ U U 

"uiiimRumrinfJiJiMririnriiifiJinnJUU 


Fbkaro OOyofpiti^ 

Spread of ndg lOO^ofpitcJr 


htho aboi'a diagrams IPs dotted type of armature is 
repnsseiited The apphcabon cFthe illustrations to the case of 
smooth core armature merely requir slhocUKConcluctars be supposed 

tobegroupedon LhesuiFaceofihearmidureintMssmerdcdi'fe 


posit/oasasarBsJio»nii J toSm of fx slots 


electiomotive foice, this imagmaiy supei posed winding would supply 
1 11 V, effective volts to the collector rings But, le-aiianging 

this same number of turns in a “ nicany-coil ” (distiibuted) winding, w ould, 
for the same speed and flux, reduce the collectoi iing voltage to 

637 X 1 11 X V = 707 x Y 

Therefoie, m a distiibuted winding, with T turns in senes, there will be 
obtained a continuous-current voltage V, and an altoi nating-curient voltage 
707 V, on the assumption of a sine wave curve of clcctiomotive force 

But often the electromotive force cuive is not a sine w’^ave, and the 
value of the voltage becomes a function of the pole ai c Thus, examining 
the case of a single or quartei -phase lotaiy conveiter by the aid of 
the Tables for K, the results given below are obtained. 
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Tabll XXIV — ^SiNf.LK AND Quabteb-Phase Rotvr\ Convehtbrs 


Spread of Pole Arc 

Km V = K T NM 

K for 

Ratio of Alternatir 
Voltage between ColU 

m 

for 

Continuous Curiv.iit i 

Ringd to Contirjiioi 

per Cent ofFirch 

Collector King \"oltagp 

Voltage 1 

Cunent Voltage a 



Commutatoi 

10 

3 93 

4 00 

982 

20 

3 79 

4 00 

947 

30 

3 63 

4 00 

908 

40 

3 44 

4 00 

860 

50 

3 27 

4 00 

816 

60 1 

3 OS 

4 00 

770 

70 

2 88 

4 00 

720 

80 

2 70 

4 00 

675 

90 

2 52 

4 00 

630 

100 

2 32 

4 00 

580 


Tiirue-Phase Rotauy Converters 

All examination of three-phase lotary converters will show that t 
concluctois belonging to the three phases have relative positions on t 
armature peiipheiy, which may he lepresented thus 

222221111111111333333333322222222221111111111333333333322222 

333333333322222223221111111111333333333322222222221111111111 

Consequently, it appeals that the coils of one phase have a spre 
equal to 66 7 pei cent of the pitch Obseiving also that each thre 
phase alternating branch has two-thuds as many turns m series betwei 
collectoi lings as has each branch, consideied with leference to the comm 
*(! tator brushes, we obtain the following Table of values 


Tabtd XXV — TiiiiFE-PrrASB Rocaba Converters 


Spread of Pole Vre 
in 

pei Cent of Pit( li 

Km V = K T KIM 10-« 

foi 

CoHectoi Ring Voltage 

K foi 

Cuiitinuous Current 
5^oltage 

1 

Ratio of Alternating 
A^oltage between Collect! 
Rings to Continuous 
Cuiient Voltage at 
Commutator 

10 

4 89 

4 00 

815 

20 

4 70 

j 00 

785 

30 

4 53 

4 00 

755 

40 

4 39 

4 00 

732 

50 

1 25 

4 00 

710 

60 

1 02 

100 

670 

70 

3 82 

4 00 

636 

80 

3 52 

4 00 

585 

90 

3 26 

4 00 

544 

100 

2 96 

4.00 

I 

495 



'86 


Electric Generators 


The last eoliimii, giving the latio of alteiiiating-euiient voltage 
between collectoi rings, to continuous-current voltage at commutator, is the 
one of chief inteiest This ratio vanes from 495, when the pole arc is 
equal to the pitch, up to 815 with a 10 per cent pole arc 

These results only apply to lotary conveiteis -when mclependeiitly 
driven, unloaded, from some mechanical source, oi when cliivcn unloaded 
as a continuous-current motor That is to say, the electioniotiv'e foiccs 
referied to are coimter-elcetroniotive foiees When diiven synchionousljq 
the latio of the terminal voltages may be made to vaiy thiough a veiy 
wide range by vaiying the conditions of lag and lead of the cuiiont lu 


'hi S 3 


Xlvrv. 9 'ph(X 6 CfZBn/xjixtFais ccn»ertor 25 f^Uca per second 
Ee^cdixsif bettreenj- cd/tmooUng * oiCj & oanperrJ tJL& ^enernior rf corurcrtcr 
field esccUatumjs jo tc 7 iar& 65 GlermuiaU volt, 

od, conJvnvxme axrrent <>orwnaiocLor 



left luuici I li/mrrd right hajitt ^ '■» 


oaqcoTikeiteresaxjlaPf- Straj^ ger^erajtxir ext^jUiihUi 
yieidcJrzrniftajeftda-rxcd' V/tahirOK^waiV/eoiayarterazrUaf'^ j 



-e Converter tijeld zero 
AlLpovnts (p the nghx have' 
riMatbve oownaicitulcC 
AUito the, left^posLtxxe, 


AliM" ncf vchp heOixrn cctlrrtcr rm/js 
X J Ha iO 


the armature In Fig 89 is given a ciiivu showing tliioiigli uliat a 
veiy extended range this latio may be vaiied, accuiding to tlie condilions 
of load and excitation 


Table XXVI 


Convoi ter 

I’lopoibion that T ih of Tiinm on 'Vini 

J-Ciicuit Winding 

jMnltiple C'lu ml Winding 

Single-phase lotary 

\ 

1 


2 X nuiiibci ot pans ot pfdt s 

Quarter-phase lotaiy 

\ 

2 

1 

2 X Huiabci ot jhiHs ot poles 

Thiee-phase lotaiy 

1 

li 

^ L 

6 X nuiubei ot p.iiis ot poles 



E M F m Polyphase Appm^atus. 


8 


la rofcdiy coareifcerb, Table XXVI will be of assistance i 
determining the value of T (number of turns in senes between collecto 
rings) 

Polyphase Machines — In considering polyphase machines in general 
it may be said that the most convenient way of considering the relation, 
between V, T, N, and M, is to make the calculations for one iihase Thu; 
111 the case of a three-phase machine, one would calculate the volts pei 




phase, by pLiciug in the foi inula the turns in senes per phase, foi T Then 
if the winding Is “ delta ” connected, this will give also the volts between 
collectoi lings (since theic is only the winding of one phase lying between 
each pan of collectoi nng.s) If, on the othei hand, the winding is Y 
connected, the volts between colicctoi rings will be ,\/3, (1 732) times the 
volts pel phase Thus the calculation should be earned out with lefeience 
to one phase, the results of interconnecting the windings of the different 
pha,sos being subsequently considered 
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Electromotive Force and Flux in Transformers 

In the case of tiansformeis, the relation between voltage and flux is 
dependent upon the wave form of the applied eleotiomotiye foroe and 
deLrmmatioue of three quantities involve the nee of the term foiun factor,” 
proposed by Fleming ■ He defines the form factor as the ratio of the 
LL root of the mean of the squares of the equi-spaced ordinates of a 
live to the true mean value of the equi-spaoed ordinates The mean 

suuarevalue he denotes by the letters KM S (root mean square), and the 

mean value by the letters T M (true mean) 


Form factor = 


RMS 


= / 


In the case of a rectangular w.ive, the RMS value, the T M value 
and the maximum value aie equal, and the feim factor becomes equal to I. 

In this case the form factoi has the iiummunivalue r , , r 

Peaked waves have high form factors Denoting the form factor by/, 
the relation between voltage, turns, periodicity, and flux may be expressed 

by the equation 

V=4 OOy T N M 10-** 


The extent of the dependence of the form factor upon the proportions 
and winding of the generator may be obtained from the two following- 
Tables, the first of which applies to cquidistantly distributed windings, and 
the second to windings in which the face conductors are gathered in groups 
moie or less spread over the surfiice of the aiiiiature, these groups 
alternating with unwound spaces 


Tablh XXVIT —Valui El ion Fohm Fac'jor ( /) 


Winding 

Pole Aio (FxpreRsecI in Pei Cent of Pitch) 


10 

20 

30 

40 

50 

()0 

70 

SO 

90 

100 

Uni-coil 

Two-coil 

Tliiee coil 

Foul -coil 

Many coil 

3 33 

2 24 

1 82 

1 57 
102 

2 24 

1 58 

1 29 

1 12 

1 04 

1 82 

1 29 

1 OG 

1 07 

1 OG 

1 7)8 

1 12 

1 08 

1 13 

1 08 

1 11 

1 00 

1 If) 

1 LG 

1 09 

1 29 

1 10 i 
1 21 

1 14 

1 11 

1 19 

1 18 

1 22 

1 11 

1 12 

1 12 

1 2G 

1 19 

1 12 

1 U 

1 OG 

1 34 

1 17 

1 17 

1 15 

1 00 

1 41 

1 15 

1 22 

1 15 


' Ahettiate Cutient Tianiformpos, vol i, secoiifl f'clitioii, pigo 5fi3 



EMF and Flux in Tra) informers 
Table XXVIll — Valdes ior Pohm Factor (/) 


8i 


Spiead ^ i Ai in iLuie 
(Joil in pel Cent of 
Pitch 

1 





Pole Ai 

c (ExpiesaecI in Pet Cmb 

of Pitch 

) 





10 


30 

40 

50 

00 

70 

SO 

90 

100 

0 

3 

33 

2 

21 

1 

S2 

1 

58 

1 

11 

1 1 

29 

1 

19 

1 

12 

1 

06 

1 

00 

10 

2 

G1 

2 

05 

1 

73 

1 

53 

1 

.37 

1 

26 

1 

17 

1 

11 

1 

05 

1 

02 

20 

2 

05 

1 

<S3 

1 

59 

1 

48 

1 

31 

1 

23 

1 

13 

1 

08 

1 

04 

1 

04 

30 

1 

73 

1 

59 , 

1 

50 

1 

40 

1 

25 

1 

19 

1 

12 

1 

07 

1 

06 

1 

06 

•iu 

1 

53 

1 

■IS 

1 

40 

1 

30 

1 

21 

' 1 

16 

1 

12 

1 

09 

1 

08 

1 

08 

50 ; 

1 

37 

1 

31 

1 

25 

1 

21 

1 

17 

, 1 

13 

1 

12 

1 

09 

1 

09 

1 

09 

GO 

1 

20 

1 

23 

1 

19 

1 

16 

1 

13 

1 1 

13 

1 

12 

1 

11 

1 

11 

1 

11 

70 

1 

17 

1 

13 

1 

12 

1 

12 

1 

12 

1 1 

12 

1 

12 

1 

12 

1 

12 

1 

12 

80 

1 

1 

1 

08 

1 

07 

1 

09 

1 

09 

1 

11 

1 

12 

1 

13 

1 

U 

1 

14 

90 

1 

05 j 

1 

01 

1 

OG 

1 

08 

1 

09 

1 

11 

1 

12 

1 

14 

1 

15 

1 

15 

100 

1 

02 

1 

04 

1 

OG 

1 

08 

1 

09 

1 

11 

1 

12 

1 

14 

1 

15 

1 

15 


Fi<nu tho foimula V = 4 00/T N M 10“®, it appeals that for a given 
effccfcn'^o voltage V, the flux M may be low in proportion as the form factor 
J IS high This IS a distinct advantage m the ease of transformers, since 
thou core loss is dependent upon the density of the dux circulating m their 
iron cores If a given voltage can be obtained with a small flux, the trans- 
foiincr can be operated at a highei all-day efficiency Commercial 
geneiatois of diHeieiit tyjies difler often by 25 per cent and inoie, as 
legal ds the form fiietoi of their electromotive force waves The pre- 
dcterimiiation of tho foim factoi tlius becomes a mattei of considerable 
interest iii the design of altcinatiiig-cuirent geneiatois 

While, however, peaked waves insuie low core losses foi tiansfoimers 
on the cii cults, they liave the disadvantage that the maximum electio- 
motivc foice is nioie m excess of the efl’cetne electiomotive foice than for 
the less peaked vaics It is, theicfoie geneially undesiiable to so 
])iopoitiun a geneiatoi as to obtain an excessnel}^ peaked wave 

The CLiives of Figs 'JO and 91, page 87, eoriespond to values given in 
the Tables, and show the extent of the vaiiations obtainable 
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THEEMAL LIMIT OF OUTPUT. 

Viewed from a tlieimal standpoint, the iiiaNiimum output of an electric 
machine is determined hy the maximum increase of tempeiatuio con- 
sistent with good woiking The hiuitmg luciease of tempeiatuie may bo 
deteimincd with respect to durability of the insulating mateiials used, the 
efficiency, and the regulation The increase of tempeiature is eornmonly 
expressed by the ratio of the heat geneiatcd in watts, to the ladiating 
surface m square inches, i.e , watts pti sqiiaie inch lachatnig suilecc Ihe 
increase of temperature of any suiface above the atmospheie, and thcrefoie, 
also, the permissible expendituie of eneigy per square inch ladiating 
surface, varies according to the nature of the suiface, its speed, location, 
&c For static surfaces, such as the surfaces of field magnets, the increase 
of tempeiature may be taken to be about 80 dog Cent pei watt per 
squaie inch, as measured by a theimoineter placed against the cyhndiical 
surface For cylindrical surfaces of the same nature, hut rotated with 
a peiipheral speed of about 3,000 ft per minute, the mciease of tempeiature 
per ivatt per square inch may be taken to be between 30 deg Cent and 
40 deg Cent The increase of tempeiature per w^att per squaio inch 
increases as the suiface speed is diminished Thus for smooth-core 
armatures the increase of tempeiatuie is about 25 per cent gicatei at a 
peiipheral velocity of 2,000 ft than at a poiiphcral velocity of 0,000 ft pci 
minute For ventilated aimatuios of orclmaiy dosign, i e , ai matin os with 
inteibtices, the mciease of temperature is betwmen 15 deg Ct iit and 
20 deg Cent pei w^att per square inch for a periphcial speed oF 3,000 It 
per luiiiute, and between 10 deg Cent and 12 deg Cent foi a ])eiipheial 
speed of 6,500 ft pei minute^ The increase of tempeiatuie pei watt pci 
squaie inch vanes somewhat with the temperature of the siiilacc, but 
lemains faiily constant toi the tempeiaturcs used iii practice 

In transfoimeis submeigccl in oil in non cases, the use m 
tempeiature, as nieasuied by the mcieased icsistaiice of the wniidnigs, 
IS about 35 deg Cent pei watt pei scpiaro inch of radiating surface of 

^ The mciease of tempeiatiue, as deteimincd fiom icsistanceincasureuK nts, will lu lally 
Le fioin 50 pei cent lo 100 pei cent m excess of these ^aiues This is clearly shown in tlic 
yannns tests do'^onhod in tlie following pages 



General Considerations Relating to Temperature Rise 


0] 


the iron case, at tlie end of ten hours’ run Befoie this tune has elapsed, 
small transfoimers will aheady have reached their maximum tempeiature, 
but transfoimers of 25 kilowatts capacity and larger may continue inci easing 
in tempeiature for a much loiigei peiiod However, transformers are 
seldom called upon to cairy their full load for a longer period than 
10 hours The same transfoimers, without oil, will have 30 per cent 
ofreater rise 

Largo tiansfonners are generally artificially cooled by forced circu- 
lation of oil, air, or ivatei, the latter being ciiculated m pipes coiled about 
the transformers , and soinetiines in the low potential coils of very large 
transformers, the conductois are made tubular, the cooling medium being 
forced through them With artificially-cooled tiansformers, by using 
sufficient powei for foicing the ciiculation, the rise of tempeiature may be 
kept down to almost any value desired But, of couise, the power applied 
to this purpose lowers the efficiency of the equipment 

Although constants such as those given above are very useful for 
obtaining a general idea of the amount of the increase of tempeiature, they 
should be used with discretion, and it should be well understood that the 
use of tempeiature is gioatly modified by vaiious eiicumstances, such as 

Field-magnet coils — depth of winding , accessibility of am to surface of 
spools , force with which air is driven against spool sui faces , shape and 
extent of magnet coies on which cods aie located , season, latitude, nature 
of location, ^ c , whethei neai boiler-iooin oi in some unventilated coriiei, 
01 111 a large well-ventilated station, or under a car, &c 

Ai matin e \\ Hidings and coies — similar vaiiable lactois, paiticulaily 
method and degree of ventilation , shape and details of spider , centrifugal 
force with which an is uiged thiough ventilating ducts , degree of freedom 
fioin tliiottling 111 ducts, iiunibei of ducts, fieedoni of escape of an fioui 
peiipheiy, and peiiphoial speed Thus it will lie readily understood 
that the values foi rise of tempeiatuie per watt pei square inch have to be 
dctci rallied from a number of conditions 

Small machmes quickly reach the inaxuiiuin tempeiatuie , laige 
machines contmuo to rise in tempeiatuie for many horns Hence the length 
of a heat run should be decided upon with refeieiice to the nature of the 
appaiatiis and the use to which it is to be put The heat should be 
distributed in piopoition to the thermal emissivity of earh part, with due 
icgarcl to the peinnssible use of temperature Heating is of positive 
advantage, in so fai as it is limited to temper atures that will keep the 
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iiisalatioii thoroughly diy, said thus tend to preserve it But it is 
disadvantageous as regards prcsei vatioii of insulation, in so fai as it 
overheats and deterioiates it The permissible temperatuie is thus 
dependent upon the nature of the insulation In railway niotois, the field 
conductors are insulated with an asbestos covet ingr, as the location of the 
inotois does not peiiiiit of their being sufficieutlj’- large to run cool under 
heavy loads 


Magnets 

The radiating surface of magnets of oidinary design, i e , those in which 
the diameter of the magnet coil approximately equals the length, is 
ordinarily taken to be the cylindrical surface, no account being taken of the 
ends, which in general are not very eflhcient for the ladiation of heat , when, 
however, the magnets are veiy short, and the suiface of the ends laige, 
they should be consider eel 


Armatukes 

Eadiating surface ofarniatuies in gencial, is taken to bo the surface of 
those paits in which heat is geneiatod, that aie directly exposed to the air 
Due allowance should be made for the different linear velocities of chfteient 
portions of the armatuie windings Thus in the oidmaiy Siemens type of 
armature the radiation per square inch, or thermal einissivity, at the ends, 
averages only about two-thirds that at the cylmdiical surface, the difference 
being due to the diffeicnce in surface speed In the case of ainiatuies 
of veiy large diameter, the thermal omissivity at the ends becomes 
appioximately equal to that of the cylindrical portion when the armatuies 
aie not very long. When the armatures have a length appioaching half 
the diametei of the armature, the thermal emissivity at the ends may 
considerably exceed that midway between the ends of the armatures, unless 
special means for ventilating are resorted to. 

In the “barrel” type of winding, now laigely used, the end 
connections are approximately in the same cylindrical surface as the 
peiipheial conductois, being supported upon a cylmdiical extension fioin 
the spider. Here the cntiie armature winding revolves at the same 
peripheral speed, and is in the best position as legards ventilation 

The ladiation of heat from an armature is not affected greatly by 
varying the surface of the pole-pieces, within the limits attained in oidmary 
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of Tomprrahnr Rise ' 

practice If, however, the magnets are rectangulai in section, and place 
closely together, the radiation of heat fioiii the ai mature may 1 
considerably restricted Finther, unless the magnets aie so placed wd 
respect to each other that the heat of each is cained oft’ independently > 
that of the others, special means for A^entilatiiig will have to be resoited t 
and the values given above will not hold Such constructions as the la,‘ 
two mentioned are not lecommended for geneial practice 


Ewmpll nr Estimation op Temperature Rise 


Dianictei of a ceitam ironclad aimatuie 

= 35 in 


L(‘ngtli, o\ei winding 

= 25 


Speed 

= 360 levs 

pel min 

Intel nal dianietoi 

= 18 m 


35 X TT X 25 

- 2750 sq 

in 

IS X V X 25 

= U20 

5> 

- X (25^- IS^) X 2 

- 470 


Tot.il ladiatiou suiface 

= 4640 

3J 


Peiiplieml speed = tt x x 360 = 3300 ft pei nun 

If well ventilated by internal ducts, it should be veiy safe to tak 
22 deg Cent use of tempeiature pei watt per squaie inch. 

Watt- 

OoK lo&s 5000 

A.mmUiio R 2600 


Toll! loss 7600 

=161 watts pel sq in 

fC-iO 

1 G1 X ‘22 == 36 deg Cent use ot tempeiatine at end of 10 liouis’ inn at full load 


Intkrnal and Surface Temper u’Ure of Coils 

The impoitance of determining the mteinal temperature of coils, b; 
lesistance nicasui eincntb, instead of relying upon the indications of 
theiinouiotei placed upon the suiface, is well shown by the lesults of th 
following test An expeiiniental helcl-magnet coil was wound up witl 
2,046 total tuiiis of No 21 B WG, the winding consisting m 38 layers 
fiom every pmr of which, sepaiate leads were lirought out, to enable tin 
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Experimental Heat Tests 95 

tempeiature of all jjaits of the coil to be determined by resistance 
measurements 

Two distinct tests were made, one with the armature at rest, and the 
other with the aimature running at a peripheral speed of 2,000 ft per 
minute Each test lasted two houis, the cuirent through the coil being 
maintained constant at one ampere throughout both tests Every ten 
minutes a i cading was taken on a voltmeter across each pair of layers, thus 
giving a record of the change in resistance as the test progressed A 
diineii'iional sketch of the coil, pole-piece, and armature is given m Fig 92, 
and the results of the tests aie plotted m the curves of Figs 93, 94, 95, 
and 96 

For the armatuie at rest {Fig 93) shows the ultimate rise of 



teinperatuio lu the different layers plotted against the positions of those 
layers , and Fig 94 shows the use of tempeiature m the innermost 
layers, the middle layers, and the outside layers, plotted against time 
The curves show well that without the aid of the circulation of air set 
up by the rotation of the armatuie, the metal of the field-magnet core is 
as effective in cairying away the heat, as is the air which bathes the 
surface of the spool Foi the armature running at a peiipheial speed of 
2,000 1 evolutions per minute, the lesults are plotted in the curves of 
Figs 95 and 96 The lattei figuie shows that with the circulation 
of air set up by the i otation of the armature, the outside of the 
coil IS maintained much coolei than is the inner surface adjoining the 
field-magnet core But the most significant conclusion to be drawn 
from the tests is that shown by Figs 93 and 95, namely, that the 
tempeiature of the inteiioi layei of a coil may consider ably exceed the 
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temperature coiiebpoiidiug to the aveiage use of rebi&tance of the total 
winding 

111 Figs 97 and 98 aie gnren respectively a sketch of the field-magnet 
and spool of a machine, and the lesnlt of a heat test taken upon it, in 
which the average temperature of the field spools was cletei mined fioin 
time to time, by means of resistance measurements of the field windino 
The influence of the peripheral speed of the aiinatuie upon the 
constants foi determining the temperature increase of field spools, as well 



as the eflect of covering the wiie with a final seiving of pioleduig coid, 
are clearly shown by the lesults of the following test made njion the 
field spools of a contmuous-curient generator of 35 kilowatts lated output 
The tests weie made with a wide range of field excitation, and the 
temperatuies were determined both by thermometric and lesistaime 


measuiements The results afford a check upon the moie gcneial values 
given on page 90 for piedetermimng the tempciature rise of spools 

lu Fig 99 IS given a dimensional sketch of the mm lime, and in 
Figs 100 to 111 are given curves of results of the vaiious heat runs 
The curves of Fig 112 summarise the aveiage results obtained 
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Out of the fom held spools, tAvo only were under observation, ^ e , 
the top two On one of these two spools the cording and insulation was 
taken nit, and the Avinding e\posed directly to the an , the leinaining 
spools leiiiamed corded Foi the purpose of measumig the outside 
tempeiature of the spools, thernioineters were placed, foi the one sjjOoI 
on the outside of the winding, and for the other spool on the outside of 
the coiding, the third temperatuie measurement was determined fiom the 
lesistancc increase of the four sjiools in senes Thus, thiee tempeiature 
measurements were made — 

1st On the outside of the uncoided spool, by theimometer 
^nd „ „ corded „ „ 

:ird Ineieaso of tempeiature of the four spools by resistance 
The foul spools weie connected m senes, the amperes input 
being kejit constant, and the volts diop acioss the foui spools noted 

In the fust case, the armatuie lemaiiied stationary, and results Avere 
olitamcd with 5, 75 and 1 ampeie These results aie set forth m the 
curves of Figs 100 to 105 

The aimature aa^us then levolved at a peiiplieial speed of 2000 ft 
per minute, and teiiipeiatuie uses obseiwed at 75, 1 and I 25 ampeies 
In this case, a diffeient piocedure AA^as adopted On the tempeiature 
leaching a constant A^alue AAuth 75 ampeie, the test AA’-as earned on, the 
amperes being taised to 1, and again, after reaching a constant A'^alue, 
to 1 25 amperes At this point the tempeiature reached a A’-alue aboA'e 
AA'hich it Avas not adAusable to go Results of this test aie set foith in 


the cuiwes of Figs lOG and 107 

Taa'o fiiithei tests Avere carried out on similar lines, at peripheial 
speeds of 3,500 ft and 4,800 ft per minute, lesults of AA'liich aie set foith 
111 the euiA’cs of Figs 108 to 111 


From the curves of Fig 112, m Avhich the aveiage lesults of all these 
tests aie summaii.sed, it Avill be noted that a considerable mciease of 
speed aboAe 2,000 ft per minute does not, foi this machine, i educe 
the tempeiature use to any A^eiy gieat extent 

On each of the curves a table is given, setting forth the Avoiking 
data, and the constants dern^ed fiom the tests It aviII be noted that 
the results are figured fiom the assumption that the Avatts dissipated 
remain constant, Avheicas m leality they vaij?^ as the tempeiature alters, 
but as this vauatioii Avould complicate the calculations, these aie based 
on the lesistance at 20 deg Cent, namely, 108 ohms per spool 


0 
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The peripheral ladiating surfaces of the two spools differ, owinc 
to the coidmg having been, lemoved in the one case , therefore, in figuring 
on the thei monietei measuiements of the coided and uncoided spools 
then icspective ladiating surfaces are used, but m the case of tht 
iiicasuieiiieiits of temperatuie rise by lesistance, a mean periphera 
radiating surface is taken 

It should furtheimore be noted that the higher the peripheial speec 
of the aiiiiaturc, the less is the diffeience between the temjieiatuie rise 
obseived fiom theimometric readings on the surfaces of the corded anc 
the uncorded spools 



The ai matin e had two ventilating duets, each one half inch wide 
thiough which an was thiown out centiifugally, aftei enteiing through 
the open end of the aimatuie spidei 

Heat Losses — C' E Due to Useful Currents in the Conductors 

Heat ocneiated, due to the cuiient and resistance, is calculatec 
cliiectly tioin these two factois The lesistances should be taken tc 
conespond to the tenipeiatuie the conduitois attain in practice Tc 
determine this tenipeiature, lesistance measurements are much moit 
reliable than theiinonietiic measurements For standaid sizes of wire 
the lesistance is most conveniently determined by ascei taming ftoni tables 



102 


Electric Generators 


the ohms pei 1000 ft of the size of wue in qiie'^tion Then the length 
of wire 111 the magnet spool or aimature, as the case may lie, should be 
computed from the number of turns and the mean length of one tuin 
The total resistance can then be obtained 

The Appendix contains Tables of this desciiption, which give 
the properties of commercial coppei Aviie foi tliiee staiidaid gauges, 
namely, B and S (Ameiican) , SWG (Boaid of Tiade), and B W G 
(Birmingham Wiie Gauge) They ha\e been airanged AVith especial 
reference to convenience m designing electrical apparatus, but they do 
not differ gieatly fiom the Tables aiiaiiged for exterioi wiling and 
other puiposcs They serve as a basis for thcimal calculations, and 
are also useful in the calculation of spool Avmdmgs, as coiisideiod in 
the section on the design of the magnetic ciicuit 

Example — A certain transfoinier has, in the pimiaiy, 1200 tin ns 
of No 1 B and S Mean length of one tuin = 28 in = 2 33 ft 
Total length = 2 33 X 1200 = 2800 ft No 7 B and S has (see Table 
m Appendix), at 20 deg Cent, 497 ohms per 1000 ft Therclbie the 
primary resistance at 20 deg Cent = 2 8 x 497 = 1 40 ohms Suppose 
full load cm rent = 13 amperes Then the primal y C" B = 169 x 1 40 
= 237 Avatts 

Specific resistance of commercial cojipei at 0 deg Cent 

= 00000160 ohms per cubic contimetie 
= 00000063 ohms per cubic inch 

%e, betAveen opposite faces of a cubical unit The above constants aie 
of use AAdieii other than standaid sizes of Avne aie employed In con 
nection AAUth them it should be kept m miud that the lesistaiice ol Lop[iei 
changes about 39 per cent per deg Cent Where moic convenient, 
iiid Avheic gieatei accuracy is desiied, use may be made of the folloAviiig 
Factois by w'hicli the resistance at 0 deg Cent should be multiplied in 
Drdei to obtain the resistance at the temperature emplojmd — 


Table XXIX 


Beg Cojit 


0 

1 000 

20 

1 OSO 

40 

1 100 

60 

1 250 

80 

1 337 

100 

1 122 
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Example — Au aimature lias a conductoi 60 in by 30 in = 180 
square indies in cioss-section It has an eiglit-circmt double winding 
Total turiib = 800 Mean length of one tuin = 60 in Turns m series 


between brushes = 


800 


= 50 Therefore, lenotli of windino between 


8x2 " ' o 

jjositive and negative blushes = 50 x 60 = 3000 in Cross-section = 
8 x2x 18 = 288 square inches Therefore resistance at 0 deg 


Cent = — 000000^ _ qqqqjjj ohms Suppose the full - load 

2 88 

cLirient of -1000 amperes heats the armature conductois to 60 deg Cent 
Then the ainiatuie C" R at 60 deg Cent = 4000“ x 000655 x 1 25 
= 13,100 watts 

The Tables of piopeities of couimeicial copper wiie is supplemented 
by a Table in the Appendix, giving the phj’-sical and electrical 
pioperties of various metals and alloys This Table, used in connection 
with the otheis, peiniits of readily determining resistances, weights, 
diiiioiisioiis, &c , of various conducting materials 


Foucault Currents 

111 addition to the C’“ R losses in the conductors, there are losses due 
to parasitic curieiits, often termed ecldj-, oi foiicault ciiiieiits, when solid 
coiidiutois, if stationary, aie exposed to the inaueiice of varying induction 
fiom magnetic fields, and whenever they are moved thiough constant 
magnetic fields, except in cases where the solid conductois aie shielded from 
these magnetic influences 

In ariiiatiiies with smooth-core construction, the conductors are not 
screened fioni the magnetic field, consequently there may be consideiable 
loss in the conductois, from foucault cm rents This loss has been found to 
jxry gieatly, according to the distribution and density of magnetism in the 
aii-gap, and cannot be accuiately piedeterniined 

In practice this loss is kept as small as possible , in the case ofbai 
windings, by laniiiititing the bais and insulating them fioiii each other, or 
111 the case of iviie windings, by using conductois diameter, 

and twisting these into a cable Tire amouiit by which the foucault curient 
loss can lie° lessened m this last method is forcibly illustrated by the 
following example The winding of a certain armatuie consisted of foui 
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wii’es in parallel, each 0 165 m in diameter These conductors were 
replaced by 19 strands of cable having the same cioss-section of copper, and 
the total loss of the armatuie was diminished by one-third 

In iroii-clad dynamos, the conductors aio iiioie oi less protected fiom 
eddy cmients by being embedded in slots This exemption from such 
losses depends upon the extent to which the teeth overhang, and upon the 
density in the teeth , very high density throwing part of the hues through 
the slots, instead of permitting them all to be transmitted along the teeth 
Even where the tooth density is low, stranded conductors must sometimes 
be used in iron-clad armatures As an instance, may be cited the case of 
an alternating current armature with a slot of the pioportions shown in 
Fig 113 Heie solid conductors of the pioportions shown were at first used, 
but the cross-flux set up by the armature current was peijiendicular to the 
plane of the conductors, and excessive heating resulted fiom the eddy 
currents set up in the solid conductors Stranded conductors should be 
used in such a case 

Stranded conductors are open to the objections of mci eased first cost, 
and of having from 15 per cent to 20 per cent higher resistance fui given 
outside dimensions This increased lesistance is not entiicly due to the 
lesser total cross-section of the component conductors, but also partly to 
their mcieased length, caused by the twist given them in originally making 
up the conductor The stranded conductor, constructed, in the first place, 
with a circulai cross-section, is pressed to the lequired lectaugulai section, 
in a press operated by hydraulic piessuie No precautions, such as 
oxidising, or otherwise coating the suiface of the component wncs, aie 
necessary The mere contact resistance suffices to break up the cross- 
cun ents 

Closely related to the losses just described, are the eddy cm i out losses 
in all solid metal parts subjected to inductive influences This occurs cliielly 
111 pole-faces, but if the proportions of the aunatuie aie such that, 
in passing the pole-pieces, the leluctance of the magnetic circuit is much 
varied, eddy curients will be found thioughout all solid parts of the 
entile magnetic circuit Consequently, in such cases, not onty the 
pole-pieces, but the entne magnetic yoke, should be laimnatccl Such 
a construction has been used in alternators, with the result that, cspec-ially 
in the ease of uni-slot armatures, a very marked improvement has been 
made in efficiencv and in heatins' 

In continuous-ciment machines, the suiface of the armatuie is biokeii 
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up by a large number ofisinall .slots, and tlie distuibance is mainly local, the 
reluctance of the magnetic circuit, as a ivhole, lemaimng unchanged 
Neveitheless, in such cases, the loss in the neighbourhood of the pole-face 
may be laige, and ivill be found to depend chiefly upon the depth of the air- 
gap as 1 elated to the width of the .slot ojsening Instances have occurred 
in small machme.s, ivhciu increasing the depth of the aii-gap from ^ in to 
m , has gicatly modified the magnitude of such pole-face losses, 
Stiaight-sided armature slots give, of couise, much gieatei losses in the 
pole-face than slots with oveihanging piojections, while if the slots are 
completely closed over, the loss is piactically eliminated 

Pole-faces frequently consist of a laminated structure, cast in, or 
sometimes bolted on, to the upper portion of the magnet core Another 



type of coiLstruction consists in laminating the entiie magnet coie and casting 
it into tlie solid yoke 

In the nciglibouvhood of conductors and coils which are the seat of 
high magneto-motue forces, solid supports, sliields, and the like, should be 
avoided, unlc,ss of high resistance, non-mag netic mateiial, such as man- 
ganese steel Foi this leason spool flanges could also weU be made of 
manganese steel 

Eddy-cuirent losses in the sheets of armature cores are dependent 
upon the scj^uare of the density of the flux, the squaie of the periodicity, 
and the square of the thickness of the sheets Also upon the caie with 
which the laminations are insulated from each other It is, therefoie, 
impoitaiit to avoid milling and filing in slots, as this tends to destroy the 
insulation, and makes a more or less continuous conductor paiallel to the 
coppei conductors Consequently, the eddy-curient loss is quite largely 

p 
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dependent upon the relative magnitudes of flux, number of turns, and 
length of aiiuatiue paiallel to the shaft, as upon these quantities dopoiids 
the volts per unit of length tending to set up jiara&itic cuiiunts in the 
ai mature core Owing to the less camount of machine v oik, smoodi-ioiu 
aiinatuies are much more apt to be fiec fiom parasitic cuiu'iits in tlio 
core The more such losses fioin eddy ciuionts aio aiiticipafed fioia 
the natuie of the design, the greatoi should bo thu saloty f.utoi applied 
to the value of the core loss as dciivcd fioni tlic curves n( Kigs 05 ami ;j() 
(see page 34) 

Armature punchmgs should, when possible, bo assembled without any 
nulling or filing Cases are on rccoid where the milliug ol ,u matin e slots 



has inci eased the coie loss to thiee times its oiiginal lalim, (h< nn ( d 
removed by imlhiig being merely a thin layer from' tl.e si.l, s ol ll„. slol 
Even light filing increases the coio los- coiisideiably hlost ol t,h, „„ , ,.as, 
in both these cases, IS due to the buiring of the edges inakim. a mo,,'<,.’ 
less continuous conductor, although there is also a sl.glit imneaso duo to 
mjuiing the quality of the iron by mechanical shoclc 

la a modern railway motor, this matter was studied l.y tosLim. lln 
coie loss at various stages of the process of manuiaclme Tin- (m\o> 
ol hig 114 lepresent the average results from tests of two m matin. . 


Cuive 1 was taken aftei .ifesemliling tlip pumhiiigs 
I) teeth ^\erc wedged stmight 

» slots weip slightly Id.'d 

13 Winding 


2 

3 

4 


13 
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The difference between ciiives 3 and 4 gives the eddy-current loss m 
the conductors The particular shape of the curves possesses no especial 
significance m connection with the object of the investigation, and is 
meiely due to the armature having been driven at the vaiious speeds 
coiiespondmg to the conditions of practice for the corresponding values of 
the current 


Hysteresis Loss m Cores. 

The hysteresis loss in armature cores may be estimated directly from 
cuive A of Fig 35 (page 34), which repiesents the magnetic grade of iron 
geneially used in ai mature constiuction However, the temperatuie of 
annealing, and the subsequent treatment of the iron, materially influence 
the lesult 

In Fig 115 (page 108) are given three curves of total core losses of 
three laihvay motor armatures 

Curve 1 Iron annealed after punching 
Curve 2 Iron annealed before punching 
Curve 3 Iron not annealed 

Novel thelcss, it is very likely that in the case of a i ail way motor 
aimatuie, the rough conditions of service soon largely destroy any 
temporaiy gain from aimeahno subsequent to punching 

In Fig Ilf) the total core loss in the aimatuie with unannealed 
iron has been analysed, and the hysteiesis and eddy current components 
arc shown in cuivcs Nos 2 and 3, the lesultant loss being given in 
ciiivc No 1 

The question of core loss is not of Mtal inipuitance in aiinatuies, 
being of chief inteicst from the theimal standpoint But with tians- 
fnmcis it IS of the utmost importance, as it is the controlling factor in 
dotcimmmg the all-day efficiency Special consideration will be given 
heieaftei to the matter of coie loss m tiansformeis At this point it 
Avill bo sufficient to state that iron of at least as good quality as that 
sliown in Cm VC B of Fig 35, should be specified and secured Even 
with sheets caiefully japanned, or sepaiated by paper, the eddy-cun ent 
loss m tiansformcrs will be from once and a half to twice the theoietical 
value given m the cunes of Fig 3G This may, perhaps, be explained 
by supposing the flux not to follow the plane of the sheet, but to 
sometimes follow a slightly transveise path, thus having a component in 
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a clireetaon veiy favourable for the setting up of eddy currents in the 
plane of the sheets In Figs 139 and 1-40, on page 130, aviII ho found 
curves especially arranged foi convenience in determining t ransfoi'mcr core 
losses 

In addition to considering the subject of heating from the standpoint 
of degrees rise of temperatuie per watt per squaio inch of ladiating 
surface, it is useful in certain cases to considei it on the basis ol“ rate 
of geneiation of heat, expressed in watts pei pound of matuiial Similaily 
to the manner in which the cuives of Figs 35 and 30 give the lato of 
generation of heat in iron by hysteiesis and eddy curients, theie aic 
given in Fig 117 curves showing the rate of generation of heat in cojipei, 


IW Railway Aanaturt Unan/iealed Iron 




clu6 to olimic rGsisto-iico OiiGS coiicoplioii of* tlio ii'liitivo ] nn ti I tin li‘s 
of these quantities in copper and iron is rondeied moiu delimte by ,i si, tidy 
of the values given in Tables XXX and XXXI — 


Tvnia., XXX— Coi'Pi.ii 




V'x ^ I, 1 


Amperes pei 
(Square Inch 

0 Deg 
Cent 

20 Deg 
Cent 

500 

50 

51 

1000 

2 00 

2 If) 

1500 

4 iO 

171 

2000 

7 9 

! 84 

2500 

12 3 

13 3 

3000 

177 

19 0 


41) l)e|^ 
(Jorib 


'■)S 
2 i i 

n 1 
9 1 
U,} 
20 G 


1)<j: 
( ’l'III 

l»2 
2 IS 
f) G 
9 S 
1 ;) 

22 S 


\\ Ul 1 h |>f I 


SI) DijjJ 
(Jniil 

2 l).s 
T) 9 
10 0 
1 a n 

M ) 7 


ion Dip 

1 nl 

/ i 

2 Sj 
I) 2 

1 i 2 
I? “) 

2 ) 0 
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Table XXXI — Sheet Iron 

Rate of Generation of Heat by Hysteretic Resistance (and by Ohmic Resistance to 
Flux Density the Extent to ’which Eddy Curients aie Present) 

(Kilolines per 


Square Inch) 

25 Cycles 

60 Cycles 

100 C} cles 

125 Cycles 

2U 

10 

25 

44 

59 

40 

27 

75 

1 3 

1 85 

GO 

5G 

1 5 

28 

40 

80 

92 

2 5 

48 

6 7 

100 

1 4 

3 8 

7 3 

10 5 

120 

20 

5 4 

10 5 

15 

140 

2 8 

7 7 

15 

22 


Tabic XXXI should also be used in calculatina; non losses at hioh 
densities, as it extends bej^ond the range of the curves of Figs 35 and 36 
Smooth-core ai matures can be iiin at higher cuirent densities than 
lion-clad aimatnics, owing to the better oppoitumty for cooling Like- 
wise with iion-elad armatuies, those with a few laige coils have to be 
designed with lower cuiient densities than those in which the Avinding 

o o 

IS subdivided into many smaller coils 

In Table XXXII aie given some rough figuies for the curient 
densities used m Aaiious cases — 

Table XXXII 


Ampeies per 
Squat e Inch 


Small high speed aiinatuies 

2500 

to 

3500 

Lai^u „ „ 

1500 

5J 

2500 

Small low-speed aimatiiios 

1500 

J) 

2000 

Laigp „ „ 

1100 

}} 

1600 

Tiansfoimeis iMth foiced citculation ol oil oi an 

800 


1500 

Laiifp tiansfoiDieis iinraeised in oil oi an 

500 


900 

Small „ ,, „ 

000 


1100 


In the ca^c of small transformeis the current density could be very 
mucli liighei without causing excessive temperature use, but such trans- 
formers would have poor legulation On the other hand, large tians- 
foiuieis, wlicn pioporlj^ designed, have bettei regulation than is necessaiy, 
the cuiieiit density being limited fiom theimal consideiations Although 
many large tiansfoimers aie so pooily designed that a few houis lun at 
full load heats them up to above 100 deg Cent, this is bad practice, as 
it causes deterioration both of insulation and of non ^ A rise of not moie 
than 60 deg Cent should be aimed at, even with large transformers 

^ See j)age3 29 to 32 foi discussion ot det^iioiation of non at lugb temperatines 
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The curve of Fig 118 shows that even a rise of 60 clog Cent iccluces 
the insulation resistance of a ti ansformei to a small percentage ol its 
resistance Avhen cold In other words, insulating substances have a vci j 
large negative temperatuie coefficient In this case, wheie the insulating 
material was a composition of mica and clotli, the tiansfoimoi being 
immersed in oil with which the insulation was thoroughly iinprognaied, 
the average temperature coefficient between *20 cleg Cent and 80 deg 




Cent was — 8, that is, the insulation losislancc iiKie.isml 80 pm (cnl p. i 
deo Cent cleciease of teinpeiatiue Ihit the abihtv <.l ibis msul.itmg 
mateiial to witlistand the disiuptivc cDccts oi’ vmy high |i<i(( n( i.ik is 
piactically unimpaired Consocpieiitly, it i,s important io (listm.Mnsh 
carefully between the ability to withstand tlio aj.plicat.ion ol bigi, lolp.g.s 

and the insulation lesistance, as measured in megohms T\u> insulalmii 
lesistance m megohms returns to its miguial high \alue wbrn the 
tran&foimei is aoam cold. 
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Eailway Motors 

The necessity in this class of apjiaiatus of having high efficiency at 
light loads (which is the condition undei which railway motors operate the 
greatei part of the tune), requires that they shall be designed with an 
efficiency curve which quickly i caches its maximum, and falls off very much 
at huger loads As a consequence, a good railway inotoi cannot be 
operated for long peiiods at its full lated drawbar pull, without reaching an 
excessive and dangerous tempcratuie The need for compactness also 
lequires running at high tempeiature under the condition of long -sustained 
full load In the section i elating to the design of railway motors, this 
matter is more fully consideied 

Aro Dynamos 

Aic dynamos aic designed to maintain constant ciurent, paitly, and 
sometimes almost entuely, bj'- inheient self-iegulation This requires a 
huge number of turns both on field and aimature, and in Older to obtain 
reasonable efficiency, the conductors lla^e to bo run at very low-cuiient 
donsitios As a consequence, a piopeily designed arc dynamo ivill 
run much cooler than would be at all necessary fioin the theiiual stand- 
point. Such a machine must be, of course, laige and expensive for its 
output 

In appaient contiadiction to the above statement stands the fact that 
almost all aic machines at present m operation run veiy w'aim But this 
is because almost all aic machines as now m use have such low efficiencies, 
paiticularly at anything less than full load, as to rendei it extremely 
Avasteful to contmue them m seivnce By throwing them all out and 
installing Avell-designed a])paiatus, the saAitig m maintenance would quickly 
cover the expenses inclined by the change 


Constant Potential Dynamos 

In constant potential dynamos it should be the ami to have the 
electromagnetic and thermal limits coincide Forty or fifty degrees 
Centigiade use m tempeiature during continuous running is generally 
considered entirely satisfactory, although the requiiements for Admiralty 
and other Government work are usually moie rigid In constant-potential 
machines the efficiency is so high (especially Avhen compared with the engine 



112 


Elect) iG (rooef ato)'S 


efficiency) when the temperature limit is satisfactoiy, that the effiLioncy 
should seldom be a determining factoi Piopcr thermal and clectio- 
magnetic constants should be the limiting considerations 

In dynamos it is customary to quote the efliciency at the tem- 
peiature reached by the machine at the end of scvcial (poneially ton) 
horns’ run, but in the case of tiansfoimeis, it is geiioi.illy ([uotod at 
20 deg Cent Nothing except pievailmg piactico justitios tlioso coii- 
tradictoiy methods 


Commutator Hjsvtino 


The heating of the commutatoi aiises from Lhiou c.uisos — tlio 
mechanical friction of the brushes, the C" K duo to tlio usolul (uiioiit 
flowing across the contact resistances, and the hoatmg duo to tlio w.i.sto 
curients caused by short-cireuitiug of adjacent sogmonts, and by spaiKing 
Copper brushes may, under good conditions, ho iiui up to a dmisity ol 
200 ampeies per square inch of contact sui face, and oven highoi ui .small 
machines Carbon blushes should prcfeiahly not bo lun above 10 .iinpotos 
per square inch of contact surface, except in small uiaclunos, wlioio, with 
good conditions, much highei densities may 1)0 used The pios.siuo im d 
seldom exceed 2 lb iiei square inch of brush-boaung suilaco, .uul ,l 
pressuie of 20 oz per square inch coircsponds to gooil piaoticu In the 

case of railway motois this has to he considoialily mcioasod, because ol I he 
excessive jarring to which the biushos aio .sulijt'otod 

A,t a peiipheial speed of coiiinmtatoi ol 2,^00 It jiei miiuitt , whi< h 
corresponds to good piactice, the iiso of toinpoiatuio of the (‘oininubiioi 
will seldom exceed 20 deg Cent poi watt poi s.piaio in. li of p. nplnial 
ladiatmg surface loi uuvoiitilated cuiniuutatoi.s , and with spei i.d 
ventilating anangements depending upon contufugal Ilow’ «)l an, (his 
figuie may be considerably impiovcd upon Tlio total iiso of 1. mp.ia- 

ture should piefeiably not exceed 50 dog Cent loi tontimious lunnim. 
at full load 


The contact resistance oftered by caibon biu.shos at a iii.xsui. . 
20 oz per square inch of hoaiiiig suifaco, and at oi,lu,ai> .uii.n 
densities and peupheial speeds, may ho taken .it oi! olun^ p.., s.,uu. 
Mch of contact aurfaco Tlat la, .f ti.eo ,u.., f.,, .natan, , , l,„„ 
and four negative blushes, each with J -Ja .s.piaic nirh..s ,,1 h.aiiin 
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suiface, the resistance of the posime brushes will be — — = 000 ohms 

and this will also be the resistance at the negative brushes, consequently, 
the total contact resistance will be 012 ohms from positive to negative 
brushes 

The contact resistance of cofipei brushes need not exceed 003 ohms, 
])er squaio inch of contact surface, and with good conditions will be less 

In estimating the friction loss, the coefficient of friction at the standard 
piessurc, and with the commutator and brushes in good condition may be 
taken equal to 3 

To illustiatc the application of these constants in estimating the 
beating of a commutator, the case may be taken of a six-pole 120-kilowatt 
generator with a 30 in diameter cominutatoi , whose length, parallel to 
sliaft, IS 8 in , and whicli is fmnished at each of its six neutral points with 
a sot of foul caibon brushes, each having a bearing suiface of 1 5 in 
X 75 in = 1 13 squaio inches Consequently, theie being twelve posi- 
tive and twelve negative brushes, the total cross-section of contact for 
the cm lent is 12 x 113 = 135 square inches 

The capacity of the machine is 480 amperes at 250 volts , conse- 
quently, the cm lent density is 36 amperes per square inch Taking the 
contact resistance at 03 ohms per square inch, the total contact resistance 
03 

amounts to --w y-rx x 2 = 0045 ohms fioin positive to negative tei- 

I / X i L o 


imnals Thcrefoie the C" R loss is 480’ x 0045 = 1050 watts Pies- 
suic IS adjusted to about 1-|- lb pei square inch Total pressure 1 25 x 
13 5 X 2 = 34 lb Speed = 300 levolutions per minute Peripheial 
speed = 2360 ft per minute Theiefoie, foot-pounds per minute = 
2360 X 34 X 3 = 24,000 foot pounds = 73 horse-power = 545 watts 

Waits 

0^ R = 1050 

Friction ~ 

Allow toi sticiy losses = 

Total comiMutator loss = 1695 


Radiating surface =■ 8 x 30 x tt = 760 sq in 
Watts per sq iii = 1695 — 760 = 2 2 

Figurnig the nse at 20 deg Cent per watt per square inch, there is 
obtained — 

Total use tempeiatuie = 2 2 x 20 = 44 deg Cent 

Q 
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Careful test's fail to show any considex'able decrease in resistance 
of contact on inci easing' the brush pressuie beyond 20 oz per squaie 
inch, noi does it change very gieatly foi chfteient speeds and cuiient 
densities , at least not enough to be worth taking into account in the 
necessarily longh ajipioxiinate calculations It will, of couise, be undei- 
stood that Avlien brushes or commiitatoi are in poor condition, fiiction, 
R and stiay losses, are ceitain to gieatly increase 

Friction Loss 

The loss through windage and beaiing friction iieccssauly is very 
dependent upon the natiiie of the design and the method of driving 
When the armature is diiectly driven from the engine shaft, and is not 
provided ivith an outboard bearing, the loss has to be sliaied by botli 
engine and dynamo With belt-driven dynamos a thud bearing beyond 
the pulley is sometimes necessary The loss due to belt fiiction is not 
propel ly ascribable to the dynamo If the armatuie and spidei aie 
fuinisbed with mteinal fans and flues, oi other ventitatmg aiiangoineiits, 
the advantage m cooling theieby gained iiecossaiily involves met eased 
friction loss In a hue of high-speed alteinatois thus designed, the fiiction 
loss ranged from one percent m the large sizes up to thico pei cent in 
the small sizes, the range being fiom 400 kilowatts to GO kilowatts 
capacity, and the machines being belt-driven, the belt losses, howevei, 
not being mcludecl The speeds weie fioin 2G0 icvolutioiis 2^01 minute foi 
the 400 kilowatt, up to 1500 lovolutious jjci minute lot the 00 kilow.itts 
Some similai contmuuus-ciirrent belL-diueii geiioiatms, loi lathui 
ower speeds, had faction losses langing from K per cent in tlic 500 kilo- 
ivatt sizes up to 2 pei cent , 01 lathei loss, in the 500 kilow.itt sizes 

Large direct-coujiled slow-spoed gcneiatois will have considi lalily 
ess than 1 per cent faction loss, and such machines loi 1000 kilowatts 
,nd over should have faction losses well within -}• 2 ^or cent 
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DESIGN OF THE MAGNETIC CIRCUIT 

III practice, the solution of mai^uetic problem^ ib geneially laigely 
cnipincal, on account of the veiy great difficulty in calculating the 
magnetic leakage, as well as in detei mining the precise path which will 
be followed by the magnetic Ihix lu those parts of the magnetic circuit 
winch are composed of non-magnetic mateiial, such as — in dynamos and 
motors — the air gap between the pole-face and the armature surface 
In closed circuit tiansforiner.s no such difficulties arise, and the detei- 
miuation of the lehictance of tlio magnetic circuit becomes comparatively 
simple 

Analogies between electiic and magnetic ciicuits are misleading, 
since a magnetic ciicuit of non located m an is similar to an electiic 
circuit of high conductivity mnnersed in an electric cneuit of low conduc- 
tivity, the stream flow being proportional to the relative conductance 
of the two cii cults Moi cover, in magnetic cncuits the lesistance vanes 
with the flux in a manner dependent upon the foi in and materials of the 
magnetic circuit 

For tlic pm pose of calculation it is assumed that the magnetic flux 
distnbutcs itself accouliiig to the reluctance of the soveial paths between 
any two points The difteicnco of magnetic potential between two points 
IS equal to the sum of the several reluctances lietwecn these points, 
multiplied by the flux density along the line ovei which the leluctances 
aie taken The permeability of an being unity, and that of iron being 
a function of the flux density, it follows that a propoition of leakage 
flux, or flux external to the core of an electro-magnet, inci eases with the 
flux density in the core, and with tlie magnetic foice Practically, tlie 
function of a magnetic ciicuit is to deliver fiom a piimai}'' oi magnetising 
nioniber a definite magnetic flux to a secondaiy membei Thus, m the 
case of a dynamo oi alternatoi, the function of the field magnets or primary 
mombei is to deliver a ceitam flux to the aiinatuie, in the ease of a 
tiansfonner, that of passing through the secondary coils a ceitam magnetic 
flux The secondaiy member reacts upon the piimaiy menihei, and affects 
llie effective magnetic flux accoiding to the amount of curieut geneiated 
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in tlie beeoudary membei This reaction acts to change the magnetic flux 
in the secondary member in two ways, first by i educing the resultant 
effective magneto-motive force acting on the magnetic circuit , and, 
secondly, by affecting the magnetic leakage by alteiing the differences 
of magnetic potential and distribution of magnetic foices around the mag- 
netic circuit 

In the case of a geneiator with brushes set with a foiward lead, the 
reaction is such as to demagnetise the field magnets and increase the 
leakage 

In the case of a motor with brushes set with a forward lead, the 
reaction is such as to increase the flux through the aunature by added 
magneto-motive foice and diminished leakage 

In the case of an alternating-current generator, the reaction is such 
as to dimmish the flux with lagging ai mature cuiient, or with leading 
current to increase the flux 

In the case of a transforinei with lagging cuiient, the effect is to 
diminish the effect of the jiiunaiy current, and wnth leading ciirient to 
increase this effect 

As stated above, liowevei, the leakage in geneial is affected according 
to the magneto-motive foice between any two points The effective 
flux in any magnetic circuit is equal to the lesultant magneto-motive 
force divided by the reluctance of the magnetic ciicuit Obviously, then, 
in the design of a magnetic ciicuit the effects of these reactions have to 
be carefully calculated In the design of the field-magnet ciicuit of 
dynamos and alternatois, the influence of the armatuie leaction on the 
effective magneto-motive force may be taken into consideration m the 
calculations by assuming a certain definite maximnin armature leaction 
These armature reactions will be discussed subsequently Obviouslv, 
the flux density and magnetising force may mall cases vary veiv widely 
for a given total flux Therefore, fulfilling equivalent conditions as to 
efficiency and heating, there is no fixed ratio between tlie amount (»f 
copper and iron required to produce a ceitam magnetic flux The design- 
ing of a magnetic circuit may then be said to be a question of ptodTic- 
ing m the secondaiy member a given effective magnetic flux, and tvith 
a given amount of energy expended in the pimiaiy magnetic coils, and 
with a minimum cost of material and labour , and the most economical 
result is aiiived at by means of a series of trial calculations The eneio-y 
uasted m the field magnets should not, in the case of contmuous-cuirent 
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maclimery, generally exceed 1 or 1;| pei cent of tlie rated output, the 
permissible values being dependent mainly upon the size and speed 
In all cases there is, of course, the condition that the masrnetisina coils 
shall be so proportioned as not to heat beyond a safe limit 

In the case of transfoimeis the condition becomes difterent Theie 
is a constant loss of energy in the magnetic ciicuit, due to hysteresis The 
amount of energy consumed in the magnetising coils at no load is 
nealiffible At full load it is a considerable fraction of the total loss 
Transformers aie seldom worked at full load for any length of time, 
consequently the open circuit losses should be made consistent with the 
moan load of the tiansfoimer The general design of the magnetic circuit 
of ail alternatiiig-cm'rent tiansfoimei may then be said to consist, for a 
given stated output, in securing a satisfactory^ “ all day ” efficiency and 
satisfactory theiinal conditions for a muiimimi cost of material and labour, 
both the lion and copper losses being consideied 

In the case of continuous-current dynamos, the ai mature reaction as a 
factoi in determining the design of the field magnets, is of gieater impoi- 
taiice now than heietofoie Thorough ventilation of the armature has so 
reduced the heating, that fiom this standpoint the output of dynamos has 
been gieatly increased The general intioduction of caibon brushes, and a 
inoio thoiough knowledge of the actions in commutation, has greatly 
inci cased the output foi good operation fioin the standpoint of spaikmg 
Thus the magnetomotive foiee of the aimatuie has natnially become a 
much greater factoi ol the magnetomotive foice of the field magnets 
faking the magnetomotive force of the ainiatuie as the line mtegial 
kluoinffi the armatuie liom brush to biush, theie are numerous examples 
jf v^ciy good couinuitatiiig dynamos m which the magnetomotive force of 
die ai mature at full load is equal to that of the field magnets In seveial 
arge dynamos designe<l b}'" Mr II F Parshall, which have now been in 
ise for so long a time that there is no question as to satisfactory operation, 
he magnetomotive foice of the aimatuie at full load was 50 per cent 
>1 eater than the magnetomotive foice of the field magnets , and the number 
)f turns rcquiied in the senes coils to maintain constant potential was 
ippio\imatoly equal to that in the shunt coils to give the initial magnetisa- 
joii It IS found in piactice that the com^^onent of the armatuie magneto- 
notive foice opposing the field magnets, ^ e , the demagnetising component, 
s fiom 18 to 30 pel cent of the total aimature magnetomotive force 
This coiiesponds to a lead of the brushes of fiom 9 to 15 per cent of the 
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total angular distance between successive neutral points, i e , io an auguLu 
lead of from 16 deg to 27 deg , the angular span of two magnetic fields 
(noith and south) being taken as 360 deg 

The aruiatuie leaction, therefore, m model n practice greatly mci cases 
the amount of mateiwl lequiied in the field-magnet coils and in the field- 
magnetic ciicuit, by inei easing the economical length of the magnetic core 
and coils, which m tuin tends to increase the magnetic leakage, and tlieio- 
fore to require greater cross-section of magnetic cncuit As yet, howevci , 
piactice has not been sufficiently developed to leacli the limit beyond which 
the total cost of the dynamo is increased, by inci easing the annatiiie 
reaction The field magnet may, theiefore, be coiisideied, m goiiei.d 
practice, a subseivient member The limit, of couise, to the .iim.itnic 
reaction is frequently reached m the case of such compound dynamos as ai e 
requued to give an approximately constant potential ovei the whole 
woiking lange 

In the case of alternatois, the thermal limit of output has bcmi 
increased by ventilation, as in commutating machines By the mtioduciion 
of a geneial system of an passages, shelter arniatuioH have buconu' possible, 
consequently natural ventilation of the aimatiue lias liccn vastly incica.scd 

The tendency in recent practice has been to hunt the oui.pnt ol 
alternatois fiom the standpoint of inherent regulation, and the thermal 
limit of output has been geneially deterinmed to confonn wd.h the 
conditions laid down as to regulation and nidiKf.uicc Alternatois 
designed to work over inductive lines for power juii poses are vci y 
fiequently designed with one-half the arniatuio re.ictioii that would he 
used in the case of lighting machines 

A full discussion of the aimature leactioii of altcni.itois will hi- 
given m a later section It may be stated Imie, that in uiii-slot 
single-phase alternators, the value of the icluctaiice of f.he magnt'tn- 
ciicmt becomes very dependent upon the jiositmii of f.lu* .uniatuie 
slot with respect to the pole-face, hence the leluctame undeigoeK 
a periodic vaiiation of n cycles per revolution of tlie nimatuie, n 
being the number of field-polos Tho vaiiation is geneinlly of' so 
great an amplitude as to make it mqioitant to conslimt f.he (utiie 


magnetic ciieuit of laminated iron, othoiwisi' the field fianie becomes the 
seat of a very substantial loss of energy tlirougb . ddy eiiiimds Alf 
this loss IS less serious in mnlti-slot single-pliase ul'leinatom and m polV 
phase alternatois, it should bo caicfully ooiisideied , and if will often la 
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found desiiable in such machines to adopt a laminated constiuction of the 
entile field frame Even in contmuous-curient machines, the loss may 
sometimes be consideiable, being of gieatei value, the fewei the slots per 
pole-piece, the widei the slot openings and the shorter the an gap But 
in con tinuoLis-cui rent machines, there are almost always enough slots to 
insLiie the lestiiction of the magnetic pulsations to the vicinity of the pole- 
face, and hence it is often the practice to laminate the pole-faces only 
But in all alteinatois, even with multi- slot armatures, present practice 
requires that the magnet cores, at least, shall be laminated for the entire 
length The pulsations of the flux throughout the magnetic circuit, due to 
jieriodic variations in the reluctance, leach then gieatest extent in the 
inductor type of alternatoi, and constitute one of the objections to most 
varieties of this type of alternator 


Leakage Coefficient 

The coefficient by which the flux which leaches the ai mature and 
becomes linked with the ainiature turns must be multiplied in oidei to 
derive the total flux generated by the field coils, is known as the “ leakage 
coefficient,” and in most cases is considerably gi eater than unity. It is 
evident that the “ leakage coefficient ” should increase with the load, 
since the ainiature ampere tin ns seive to laise the magnetic potential 
between the surfaces of the adjacent pole-faces, and tend to increase the 
component of flux leaking between adjacent pole tips and ovei the surface 
of the armatino teeth above the level of the ai matin e conductors The 
annexed diaaianis give the values of the leakage coefficients as deteinuned 
from actual measinements for sexeial cases It ivill be noted that in 
Fig 122 aie given results both with and without current in the armatuie 
(See Figs 119 to 124 ) 


Armature Core Reluctance 

The reluctance of the armature coie propei is generally fixed by 
thcimal conditions, which aie dependent upon the density and peiiodicity 
at which the core is run, the reluctance being chosen as high as is consistent 
with the peimissible core loss 
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Air Gap Reluctance 

The reluctance between the ai mature core and the face<^ of the pole- 
pieccs IS determined by the space lequired by the aimatuie conductors and 
the necessaiy mochamcal cleaiance between the ai mature surface and the 
pole-faces ' 


Reluctance op Complete Magnetic Circuit 

The reluctance foi a aiven lenoth of maonetic circuit should be such 

o o o 

that the combined cost of magnetic iron and magnetising copper is a 
minimum Tlie length of the magnetic circuit should be such that, with 
what may be tei med the must economical densities, the cost of the coppei 
and non is a minimum By magnetising copper is meant that amount of 
copper lequired by the magiietibing coils to give, under fixed tlieimal 
conditions, that magnetomotive force that will maintain the propei flux 


^ In cliscu-asing the spaihiiig limit of output of a smooth-coie aimatuie, it has been 
fioqueiitly asseitecl that the spaiking hunt of a geneiatoi is a function of the depth of the 
an gap 3 Jut tlie inductance of tlie aiinatuie coils when undei commutation is not appieciably 
diminished })y mci casing tlie deptli of the aii gap, except m machines wheie the biushes have 
to 1)0 st‘t toiwaid into the iieai neighbouihood of the poIe-tip, which is not necessaiy in 
well-designed geneiatois Theiefoie, the depth of the an gap has no lelation to the magnetic 
spaiking output, except in so fai as it may allei the distiibution of magnetism in the gap 
Beyond .i ((utain limit, inci casing tlie depth of the an gap acts deletenously on the sj)aikmg 
limit, smu the distiibution ot th(‘ magnetic Ilu\ in the gap becomes such that the peimissible 
angulai langc of commutation is vciy small In the case of toothed aimatuies (which aie 
now common piacticc), tlie an gap m good piactice is made as small as is consistent with 
mechanical safety The density in the pi ejections is earned to a veiy high value, it being 
gcncially lecognised tliat the gi eater the magnetic density at the pole-face, the gieatex 
aimatuie leaction is possible without spaiking To satisfy this condition alone, a high 
(h nsity in the piojections becomes necessaiy It has, however, been pointed out that, with 
the ptojection uoimally woiked out, magnetic distoitioii in the aii gap may be made gieatly 
less than in the case of a well-designed smooth-core aimatuie In the smooth-core machine 
the distoition in the gap is piopoitional to the aimatuie reaction, wlieieas in the case of 
highly magnetised projections the clistoition is greatly less than piopoitional to the aimatuie 
leactioii Consideied with lelation to the inductance of the aimatuie coils, it appeals that 
the inductance ot the coils becomes snmllei and smailei as the magnetic leluctance in the 
ciicuit suuounding the coils becomes incieased All of these conditions ma} be included 
bioaclly by saying that foi a given output theie is a ceitaiu limiting minimum leliictance 
in the an gap, liav ing legaid both to distoition and self-incluction As will be shown latei, 
howcvei, spaikless commutation has to be consideied not only in its lelatioii to the inductance 
of the aimatuie coils and to the stiength of the i ev ei sing helcl, but also in respect to the 
natuie of the collecting biiislies Geneiall} speaking, visible spaiking, oi that external 
to the blushes, is least injuiious to the commutator 

R 
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thiough the armature at full load The densities should Le taken to 
coiiespond with the full voltage generated by the ai mature The propor- 
tions of the magnets should be taken to coriospoiid with the magneto- 
motive force requiied at full load 

For a given density the magnet coils should be of a ceitain length , 
if too long, the cost of the iron will be excessive , if too shoi t, the cost of 
the copper will be excessive, since the radiating surface of the cod will be 
too restiicted The depth of the magnet coil must, in practice, be 
restricted, otherwise, the tempeiature of the innei layeis will become 
excessive ' 


Estimation op Gap Reluctance 

The magnetomotive force (expressed in ampere turns) expended in 
mamtaming a flux of D lines per square inch, across an air gap of 
length L (expressed in inches) is .313 x D x L The pi oof of this is as 
follows 

D lines pel sq in = lines pei squaie centmirtio 
G 4o 


B = 


D 

0 45 


For 


air 


H = B 


H = 


J) 

0 45 


4 ^ ?^C 


But H = " Yq ^ ^ being length exj^iessecl in centimetres, and n C being 

ampere turns (number of turns x cm rent) 


uG ^ X H. X / 

4 TT 

10 ^ o rd T 

= — X X 2 54 L 

4 'T 6 45 

= 313 X D X L 


i The increase of tempeiatuie of the magnet coils should be determined by the inciedse 
in their lesistance Placing the tlieimometei on the external suiface, unless the winding 
IS veiy shallow, is not a satisfactoiy indication as to whether oi not the innei layeis may 
not be so hot as to increase the resistance of the coil so much that its magnetomotive force 
at a given voltage is gieatly diminished 
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Reluctance op Core Projections 


The ariiiatuie projections between the conductors are geneially 
magnetised well towaids satuiation, so that the determination of the 
magnetic ioice lecpiiied foi a given flux acioss this part of the magnetic 
ciicuit IS of importance The following method will be found useful 

The magnetic flux divides between two paths 

1 The iron piojections 

2 The slots containing tlie conductois, and the spaces between the 
laminations 

The piopoition ol the flux flowing along each path is propoitional to 
its magnetic conductance Theic aie several cousideiations which make 
tlie cioss-scction of the iron path small eompaied with that of the other 
paths 

J In [nacticc the width of the tooth is generally fioni 50 to 80 pei 
cent of the width of the slot 

2 The slot is bioadci m a direction paiallel to the shaft than the non 
puitiou of the lamination, because of the 25 pei cent of the length of the 
aunatuie licquently taken up by insulation between laminations, and by 
ventilating ducts 

3 This 25 per cent of insulation and ducts, itself ofleis a path, which 
111 the following calculation it will be convenient to add to the slot, 
denoting the total as the an path 

It thus appears that although the non path is of higher permeability, 
the air path lias sufiicicntly grcatci cross-section, so that it takes a con- 
sidoiablc portion of the flux, and it will be leadily undeistood that the 
icsultaiit icluchincc of tlie jiaths in multiple being considerably less, and 
the density of the llu\ being dccieased at a point wheie the jiei ineability 
inci eases ia[udly with deci casing density, the magnetomotive foice 
ncccssaiy foi a given flux may be greatly less than that lequired to send 
the entire flux through the piojections 


I-ot a 

. h 
„ L 

a k 
hjk 
7r> 


■width of tooth 

„ slot (See Fig 125) 
bieadth between ainiatuie heads, of non pait 
of lamination 

cioss-sectiou of non in one tooth 

95 






= Cl OSS section of slot (bec<iiise 25 pei cent of the bieadth of the 
aiuiatuie is taken up by -ventilating ducts and iiisuUtioii 
between laminations, and the bieadth of the slot exceeds that 
ot the iron in the tooth by tlwt amount). 
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If in any paiticulai design this piopoition varies fiom 25 per cent , 
new calculations may be made, if the magnitude of the variation is suihcient 
to wairant it Moieovei, theie is 25 pei cent of ventilating ducts and 
insulation in the breadth of the tooth itself The cross-section of thn^ will 

be 25 = 33 a ^ It will be convenient to add this to the slots, and 

75 

denote the total as the an path 

Cl OSS section of an path = ^ + 33 « /fc = 1 34 <0 7^ + 33 ci / 

75 


This an path, therefoie, takes in all ^aths eicept the iron lamination 
Let I = depth of tooth and slot 

,, N = lines to he transmitted by the combined tooth and slot, and 
/t =. permeability of iron in tooth, at tiue density 


Let the N lines so divide that there shall be 


n in iron path, and N - w in au path 


ft L 


densit} in non path 


aiul 


:1th 


N - n , 

TWX— jTal = P' 

Coiiductnity of non path = ^ ^ ^ 

z 

Conductivity of an path = ^ i t + 33 a I 


how, the fluxes ii and N — n in non and an will be dncctly piopm 
tional to the lespective conductivities 


N - »i 1 34 i A + 33 rt A ‘ 1 34 i + 33 « 

I 

1 34 5 H- 33 ft }L = a p - a a n , 

'71 (1 34 6 + 33ft + ft /f) = a p j 
N _ 1 34 /; + 33ft + ft p 

a p. 

Let B = tiue density m iron, and B"^ = density calculated on the 
assumption that the non transmits the entiie flux Therefoie, tlic i atio of 

N (the total lines) to n (those m iron\ i e, will equal the ratio of B' 

ih 
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■12 


(the densitj'^ figured on the assumption that all the lines aio in non), to ] 
(the actual density in non) 

^ N _ 1 .? I A + + <r /t 

I> V /( 

B' 

111 Table XXXIII aie cakulatod sonic values of foi clilFoicni 


a 


values ot 


Taull XXXTir 


1 — = \ r , wndth lootli = Avultli slot) ^ ^ 

h B // 


2 ;= 75( 

3 -= r »0 ( 


> 11 ‘ 2 12 + 
»» ^ U ~ 

/t 


) 


IV d 00 + 
n /t 


The next stc]> in this ])i()cess icijiiiics idcicncc to the non ciuvcs of 


Fk» 12G Fioiii these cmvchs Talilo XXXI V is <h‘iiva*<l 

o 


1 'AJtrK xxxrv 


CoilCctLfl 

Iioii DliihiLios 

- 

DmihitH's fm AhsiinipMon th.iL Jioii 3’ifniHniils 

Mull Mi 

13 



io(;;^ 75) 

r,..) 

17,000 


17,200 

18,100 

17, m 

17,100 

18,000 

02 

18,500 

IS, GOO 

19,000 

r>6 

10,500 

! 1 9,000 

20,000 

20,000 

u 

21,000 

21,100 

21,800 

21,000 

23 

'22,500 

2 1,000 

2 1,700 

32,000 

17 

21,200 

1 21,700 

2(),O00 

23,000 

U 

20,000 

1 2(.,800 

28,300 


IVllLI- XXXV — JllNSITIIS IN iNCnib 


Coi \ octed 1 1 on 
Densities 

Densities DiguiLtl on Absunijitioii that lion Tiansniits 

Entile Elux 

ICilolines pel Squaie 
Inch 

a 

/; - 1 

l> = 

'i=- 50 
h 

110 

111 1 

il2 

118 

no 

110 1 

120 

121 

123 

127 1 

l‘ 2 .s 

129 

J29 

1 u; 1 

1 JS 

141 

1 ^6 

M5 

1 19 

ir)8 

112 

156 

1()0 

1()8 

149 

168 

173 

188 
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In the curves of Fig 127, the values of the Jonsitu’s in tlie 
Tables have been transposed into kilolines density j)ei squ.ue iiiob, .iiid aie 
thus available for use in dynamo calculations, wheie the jiiocnss , simply 
consists in figming the iron density as if the non ti.iiisinit(,Hl llu' enliu' 
flux, and obtaining from the euives a coriected value foi usu m liguniin the 
magnetomotive foice The number of teeth to be taken <is ti aiHinittiiig 
the flux has to be deteimined by judgment, and is mllueiued by the 
length of the gap Geneially, incieasing by one, tlu* muiiliei lying 



dnectly under the pole-face gives good lesulls foi mat limes wiib \ri> 

small air gaps, while two oi three extia teeth should bi> addi d Im 
larger gaps. 


Calculation for Magnetic (hiu'uiT ok I)vmvo 

The following example of a very .simple case may he o| s( 

as giving some idea of the geneial method of liaiidlmg such piohhms 
A certain ironclad dynamo has an aii-gaii density of lo kdo 
ines (per squaie inch), the density m the magnet core is hO kdolme^ 

Length of gap 

ma^et core (as related to tlic inagnetrc uicuit) I o 

-> yolre (corresponding to one spool) , 

,, toot!) ^ ' I' 

” ^''“®'*"^®(«°"espondiug to one spool) ’ 



Field WniduK/ Cahvlation 


Requiied number of cunpoie-tuia.s pei spool at no load 

Ainpeie turns foi gup — -513 x 10,000 x 25 = 3130 

Aiupeie-tuiiis foi iiiugnut cou* (fioiii lui\(‘ V. of L^'ig 14, page 21) 

^ 17 X 10 — 170 

\hipeie-tiii ns foi yoke = 2‘) x () = 170 

Anipeu* (unis foi ((utli (honi II of JJ) -- ]^>() x 1 5- 230 

AinpLio-turns foi unii.it n r (* ( oic 0x1 :=^ 20 


Total 4020 

Theiufoio ampeic-tuiiis per pole-itiocu at no load = 4020 


It thus appears that^ bu i)iactical iniiposos, it is iniicli moie direct 
proceed as in the above example, than to go tliiough a laboiious calou 
tiou of tlic total reluetcuic'c of the magnetic circuit, incidentally bringing 
the peinieability and other fai tois^ as described in many tc\;t-books 


Fikli) WiNDiNO Formula 


In making held winding calculations, tlie following formula is of gre 


sei VICO 


111 which 


Lb 


il 


/ Ainporo-foot V 
1000 / 
w.itts 


Lb = Pounds of i oppi i pui spool 

Ain]K3ic-h (’t = .Vnipt‘U‘-lui ns x nicaii knigth ot oiu* tiuii, o\inesscd in feet 
AVaUs — \\atts consiniK d in tli<^ spool at 20 deg Cent 


Thlb f(31lliulcl IS (loil\o(l cls follows 


llesisttinco between opposite faces cf a cuIjic inch ot cninnic icidl loppei at 20 deg Ctn 
= 000000G8 olinib 

If length in incln s = L, hihI iiossstcluni in sepnue inches — S, then 

__ UOOOO()(»S L 

iS 

^ . OOOOOObS I.-! 
h L = - - - 

Let I — menu Itnigtli of one turn m incln s 
t ~ numbei of tm ns 
/ /I - L 

^ j _ 0OOU0U()8 /- t- 
K ^ 

00000008 C- 


(P R 
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nit 

^ — = ,impei e-feet (anipeip turns x mean length of one turn in feet) 

Qlt — 12 X ampei e-feet 
C- l-t- ~ 11-4- (ampeje teet)- 
C" R = atts 


SL 


Lb = 32 S L = 


08 . U* « 


uatts 


32 X 68 X 144 x 


! aiii|jeie ft ct 
\ 1000 ) 


\\ atts 
/am pc 1 e feet \ " 


Lh = 


^ { 1000 


T 


^vatts 


Application to Calculation of a Spool Winukno for a Siiunt- 

WouND Dynamo 

Thus, suppose the case of a machine foi’ which it had been dotcrmined 
that 5,000 anipere-tums per spool would be lequiied Assume tliat the 
mean length of one turn is 4 0 ft Then 

/ainpeiP-feefcX'^ /5000 x 4\" 

(-' 1 0 0 0 — J - (-1000-) - 

The ladicitmg suiface of the spool may be supposed to lia\c boon 
600 squaie inches After due consideiation of the oppoitumties foi 
ventilation, It may be assumed to have been decided to peiniit 40 watts 
per scjuaie inch of radiating surface at 20 cleg Cent (it, ol coiiise 
iiicieaMiig to a highei lalue as the machine w'arms up) 

watts = 600 X 40 = 240 pel spool 

,, , 31 X 400 

lb coppei IDGl spool = — = 52 lh 

This illustiates the application of the foimula, but it cvill be of interest to 
pioceed fuither and deteimine the winding to be used 

A siA-pole machine will be taken, designed for separate excitation 
fiom a 250 lolt exciter In order to have room foi adjustment, as w-ell as 
to allow foi probable lack of agreement between the calculated and 
actual values, it is desiiable to have but 220 volts at the winding teiminals 
under noimal conditions of opeiation This is 220/6 = 36 7 volts per 
spool 




TYPICAL MAGNETIC CIRCUITS 


Elect'iic Generatois 



AMPERE TURNS PER FIELD SPOCL 6{X?J‘«W TOCVO 140CC JdOCC 22000 26000 
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found No 12 B n<nd S lifts 19 8 lli poi 1,000 ft , und is, tliorofoio, flu* 
proper size Generally, the desired value for the pounds jiei 1,000 ft dot's 
not conie out very nearly like that of any staiidaid size of wiie. Tii sui'h a 
case, the winding may be made U]i of two ddh'iont sizes oi' who, om 
smaller and the othei largei than the desired sizt' Gh'iiei.illy, liDweiei it 
IS sufficiently exact to take the iieaiest staiidaid size of wit o 

Suppose the space inside the spool Haiiges to have been 10 in long, 
then, after insulating, 9^ in Avould jiiobably he available for winding 
From the Table of propeities of commercial cojipei iviie it will be found 



that double cotton-covered No 12 B and S has a duunctei of 001 ,n 
Therefoie it should have 9 5/ 091 = 105 tiiins per Liyei IMaii to bike only 
100 turns per layer, so as to have a margin 

Numbei of layers = 055/100 = 0 0 laycis 


-n o Winding wnll consist of 6 G layers of 100 turns ('aeli, of 

O 0 No 12 B and S , and will requiie 220 volts at its tuiminals when 
warm, it carij^ing 7 6 amperes 

Calculations relating to the compoundiiig coils of niaehinos w'lll lie 
given atei, after the tlieory of armature leactum has b(>en devoloiied 

^ to give experimentally deteiminod no-load .s.itma- 

tionouives for several different types of machines, togethei wdh sulHcient 
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Magnetic Ciiiuit of the Transformer 

of the leading dimensions of the machines to enable the results to 
profitably studied and compaied 

In the case of Fig 128, two machines weie tested Same fields, L 
one armatme having slots as shown at A and B, and the other as shown 
C, D, and E The armature coils used in the tests were those in slots 
and C resjiectively For figui ing the flux in the case of A, the “ for 
factor ” was taken as 1 25 For C, the “ foiiii factor” was taken as 1 1 
In the case of a winding at B, the results would probably have eon 
sponded to an appreciably difleient “form factor” from that used foi 1 
111 the tests the coils contained in the slots B were not employed 

The satuiation cuives A and C exhibit the lesults and show the tot. 
reluctance of the magnetic circuit to be substantially the same for the tw 
cases In Figs. 1.29 to 137, inclusive, nine other examples are given, th 
necessary data accompanying the figuies 


Maonetic CiEouir op the Transformer 

The calculation of the magnetic circuit in the case of transformei 
cannot, of couise, be at all completely dealt with until the whole matter o 
tiansfonuer design is taken up in a later section But the following 
example will give a geneial idea of the considerations involved, anc 
will illustiate the use of B-H and hj'-stcresis and eddy curient curves 
Ten-ldowatt Transjoimer — The magnetic circuit is shown in the 
accompanying sketch (Fig 138) Prnnaiy voltage = 2,000 volts 
Secondary voltage = 100 volts Piimaiy trims = 2,340, periodicity 80 
cycles pel second E =4 F T N M x 10““ Assume that the trans- 
foimer is to be used on a ciicuit having a sine xvave of electiomotive 
foice The “ loim factor ” of a sine wave is 1 11 , hence 

F = 1 11 

2000 = 4 X 1 11 X 2340 SO x M x 10“® 

M = 210,000 lilies = 24 megalines 

Effective ci oss-section of magnetic ciicuit =:313x313x 90^ = 88 
square inches. 

Density = 27 3 kiloliiies pei squaie inch 

Fust calculate magnetising component of leakage current From 
curve B of Fig. 22 (page 26), we find that at a density of 27 3 kilo- 

' Ninety poi cent of the total depth of laniinations m non, the reniaining 10 per cent 
Ijiiiig japan vatiiish oi papei foi insulating the laminations fiom each othei 
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lines, theie is required about three ampere-turns of magnetomotive force 
per inch length of magnetic circuit 

Mean length of magnetic cii euit = 59 5 in 
Require magnetomotive foice of 59 5 x 3 = 179 aiiipeie turns 

There are 2,340 tuins 

179 

Eequiie a maximum cuiient of = 077 ampeies 

077 

RMS curient = = 054 amperes 




'o m 


eo\ 

^ ' 


§ 

u 2Q 


m Transformer cores 

Take dotted curve ForTrans formers 
/^F Wc than 3KW ca/oaci tv, 1 
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Watts per pound ab lOQ Cycles per Sec 


14U 





loss 'decreases 5 / per decjrcc 
Centeofrade increase of 
temperature 
Thickness pF pfate-^^OlA 


t 

ir' 

a 

:2 ‘tiSSfi 20 40 BO 30 fOO J2Q 140 ICO ISO ZOO 

Watts per pound ab 20" Centigrade/ 


Next estimate core loss component of leakage curient Wciirht of 
sheet lion = 69 5 x 8 8 x 282 = 148 lb At 80 cycles and 27 3 kilo- 
Imes, Fig 139 shows that theie will be a hysteresis loss of 6 x 8 = 48 
watts per pound 

Volts per turn per square inch of iron cioss-soctioii = — -^,000 

= 097 From Fig 140 the eddy current loss is found to be 21 watts 
per pound 

Consequently hysteresis and eddy current loss will bo 48 -f 21 ~ 60 
watts per pound Total non loss = 148 x 69 = 102 watts Coro loss 
component of lealiage current = 102 — 2,000 = 051 RMS amiicie.s 
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Besultaut leakage cuiu-ent = ,>/ 054^ + .051- = 074 amperes Full 

1 1 j. 10,000 . . 

load current — -x-Tr-T- = 50 ampejes 

Consequently resultant leakage cun'ent =14 per cent of full-load 
current Coie loss = 1 03 per cent of full-load lated output 

Example — Find coie loss and leakage current for the same tians- 
former with the same winding when running on a 2,200-volt 60 cycles 
circuit 


Magnetic Circuit or the Induction Motor 

In Fig 141 IS repiesontod the magnetic structure of a siN-pole three- 
phase induction motoi The pimiaiy winding is located in the external 



statoi, winch h.is 54 slots Theic .uo 12 couductois pet slot, consequent!}" 
12 X 54 = (>48 total face couductois, 324 turns, and 108 tiun.s m senes 
pel pliase The motui is fot 100 volts, and 60 cycles, and its piimai}" 
wmdmos ate A coniiceted When luii ftoiii a sine waie ciicuit, ve have 

O 

1 10 - I X 1 11 X lOS X GO X M ^ 10-* 

J\I — .'is inoifn.liiic'! 

Befoie juocGcding to the (‘alfulatioiis dncctly concerned in the de- 
teiinination of the' inagiietisiiig tiiiieiit foi the magnetic cncint of this 
induction niotoi, it will he noc'cssaiy to study the lelations between 
niagnetoinotivc foicc and (lux distnbution in this type of magnetic ciiciut 
and u Hiding 

In Fig 142, a poition of the gap face of the pi iniaiy is developed 
along a stiaight line, and the slots occupied by the thiee bindings aie 

T 
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lettered A, B, and C The relative magnitudes of the currents in the 
three windings at the instant under consideration aie given numerically 
immediately under the letters, and the relative directions of these currents 
are indicated m the customary manner by points and crosses The instant 
chosen is that at which cuirent m phase A is at its maximum, denoted 
by 1, the curients in B and C then having the value 5 

The curve plotted immediately above this diagram shows the 
distribution of magnetic flux in the gap, at this instant, on the assumption 
that the gap density is at each point directly proportional to the sum total 
of the magnetomotive forces at that point Thus the magnetic line which, 
in closing upon itself, may be conceived to cross the gap at the points 



M and N, is linked with the maximum ampere turns Taking the 
instantaneous current in conductors of phase A as 1, and in phases B and 
C as 5, and for the monent consideimg there to be but one conductor per 
slot, the total Imkage of ampere turns with the line m m is 3 x 1 + G x 5 
= 6, and the maximum ordinate is plotted at this point with the value 6 
In the same way the othei ordinates are plotted Fi oiii this curve it 

appears that the resultant of the magnetomotive forces of the three phases 
at the points M and N is two times the maximum magnetomotive force of 
one phase alone This is a general property of such a thjee-phase winding 
Moreover, an analysis of the ciiive shows the maximum ordinate to be 
1 6 times as great as the average ordinate But this is only in this 
jiarticulai case With different numbers of slots per pole-piece, this value 
would vaiy, and, owing partly to the increased leluctance in the high 
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density teeth, the euive would tend to be smoothed out and become less 
peaked Consequently, the disti’ibution of the flux density should be taken 
to Imre a sinusoidal foiiii Practical calculations of the magnetising 
CLiiient agieo best with observed results ivhen the maximum value of the 
an -gap density ovei the pole-face is taken equal to \/2 times the average 
value 

The above considerations are sufficient, as they enable us to deteimine 
the maximum values of raagnotomotive force and flux, and it is from such 
values that the m.iximuin magnetising cuiient is derived But it will be of 
mture-^t to rofei also to Fig 143, in which aie icpresented the conditions 
one-twelfth of a complete cycle (30 deg ) latei, when the current in phase B 

INDUCT/ON MOTOa 



has become /eio, the cuiient in phases A. and G baling become 80/ 
Figs 1 12 and I 13 icqneseiit tlie hiuitmg values between whidi the 
resultant magnetomotive imeo fluctuate:> as the magnetic Held proceeds in 
its rotatoiy course about the magnetic stiuctuie Various expeiimenters 
have shown this small vaiiation iii intensity to be, m practice, practically 
eliminated An examination of the diagrams of Figs 142 and 143 
shows that the maxiiuuin ordinates aic 5 2 and 6 respectively, which 
coi responds to the theoretical ratio of 

1 = 1 1 iG 

Fiom Fig 141 the following cioss-sections of the magnet cncuit per 
pole-piece at dill'eieiit positions aie obtained 
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Sq In 

A Cioss-section an gap pei pole-piece at face of stator, ^ e , suiface 


aiea of exposed non of piojections 21 

B Ditto foi lotoi face 21 

G Oioss-section at nai lowest part ot piojections iii statoi 10 

D Cl OSS section at nanowest part of piojections in rotor 8 

E Cioss-section in laminations back of slots m statoi 10 

F Cross section in laminations back of slots in rotoi 8 


Flux Density 

Aveiage Ma\imiim 

A IS kilolines 25 kilolines 

B 18 , 25 

C 38 „ 54 

D 48 „ 68 

E — 38 „ 

F — 48 „ 


The clcjDth of the air gap is in ( 047 in ), and the ampere-turns for 
the air gap amount to 

313 X 25 000 X 017 = 370 


For the iron, should allow about 8 ampere-turns per inch of lengtli 
of the magnetic circuit, which, through the high density teeth, is about 
9 111 

Ampere-turns foi non = 8 x 9 = 72 
Total ampere tin ns pel pole-piece = 370 -H 72 = 442 


Magnetomotive force of the tliiee phases is equal to two tunes the 
maximum ampere-turns per pole-piece per phase There are 18 turns j)oi 
pole-piece per phasc^ theiefore, letting C = II M S ainpeiefs pci phase, 
we have 

1 41 X C X IS X 2 = 442 


C = 


442 

1 11 x“rs^2 


8 7 ampeies = magnetising cm rent pei phase 


Taking the core loss at 300 watts, the friction at 150 volts, and the 
R loss lunning light, at 50 watts, gives a total power, running light, of 
500 watts, or lb7 watts per phase Energy component of leakage ciurent 


per phase 


=15 amperes 



Exam]yle& 


141 


Resultant leakage cuiient pei phase =^8 7^ +15^ = 9 amperes 
Ditto per line leading to motor = 9 x = 15 6 amperes 
Letting power factoi, lunning light, equal P, we have 

p X y X no = ICS 

p = 17 


Examples 

The following examples relate to matteis treated of in the foiegomg 
sections 

1 A thrce-jihase generator has 24 poles, 36 slots, 20 conductors 
per slot, Y connection Volts between colleetoi rings at no load 

and 500 levolutions per minute = 3500 What is the flux from 

each pole-piece into the arinatuic, assuming the curve of electro- 
motive loice to be a sine wave'''^ {Eor type of winding, see Fig 82, 

page 74 ) 

2 A contiiiuous-ciuieiit dynamo has a two-circuit single winding (dium) 
Its output IS 100 kilowatts at 550 volts The cuiieiit density in the 
aiimituie conductois is 1200 ampcics pci squaie inch It has 668 face 
conductois Mean length of one ai mature tnin is 75 in 

Wh.it IS the cioss-scction of the ainiature eoiiductois 

What IS the icsistance of the ainiatuie fiom positive to negative 
blushes at 00 tlog Cent 

The dynamo has six poles if the speed is 200 revolutions pei 
minute, what is the magnetic flux eiiteimg the armatuie from each 
pole-piece 

3 A siv-jiole continuous-cuiieiit geneiator with a two-ciicuit, single 
winding, gives GOO volts with a ceitam Held excitation and speed Theie 
aie 560 f<ice conductois, aiianged h\o pei slot in 280 slots If this 
winding IS tapjied off at two points, e(|Ui-distant with reference to the 
winding, what would be the alternating cuiient voltage at two collector 
lings connected to these points'? 

Assume the pole arc to be 60 pei cent of the polar iiitch. 

4 fOO-kilowatt dynamo, 250 volts, 4 poles, 500 revolutions per 
minute, arinatuio wound with a two-ciicuit, triple-winding, 402 face 

conductors aiianged in 20J slots Theiefore = 201 total turns — ^ 
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= 33 5 tuins m senes behveen biushes 


500 X 2 
60 


16 7 cycles pei 


second 


250 = 4x 33 5 x 167 xlO'’ 

M = 112 megalmes Take leakage factoi = 1 20 


Flux in magnet coies = 11 2 x 1 20 = 13 5 megs Magnet cores 
of cast steel, and lun at density of 95 kilohnes per square inch, theiefoie 

cross-section = = 142 squaie inches Circiilai cross-section 

95,000 

Diameter = 13 5 in 

Length aimatuie core parallel to shaft = 16 in , of which 12 in is 
solid iron, the remainder being occupied by ventilating ducts and the space 
lost by the japanning of the non sheets Diameter armatme = 30 in 
Length air gap = ^ in Length magnet coies = 12 in Length 
magnetic circuit m yoke = about 24 in per pole-piece Yoke of cast iron 
and run at density of 35 kilohnes Tooth density =120 kilohnes Coio 
density = 70 kilohnes Therefore, depth of iron iindei teeth = 

11,200,000 


= 6 7 in 


Length magnetic ciicuit in armature = 


2 X 70,000 x 12 

10 in pel pole-piece Pole arc measured along the arc = 17 5 in Cioss- 
section of pole-face = 16 in x 17 5 in = 280 square inches 


Pole-face density = = 40 kilohnes 

2oU 


Ampere-tuins pei pole-piece for yoke 
Ampeie-tuins pei pole-piece foi mag- 

= 24 

X 

60 

= 1400 

netic coie 

- 12 

X 

50 

= GOO 

Ampeie-tiirns per pole-piece foi teeth 
Ampere tuins pei pole-piece foi aima- 

= 1 5 

X 

350 

= 525 

tuie core 

- 10 

X 

12 

= 120 

Ampere-tuins pei pole piece toi an gap 

= 25 

X 

40,000 X 

313 = 3130 


Totcil ampeie-tnrDfe pei pole piece at no load and 250 \olts = 5775 
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CONSTANT POTENTIAL, CONTINUOUS-CURRENT 

DYNAMOS 

The problems peculiar to tlic clcaiga of the coutinuous-cuiTent dynamo 
aio those i elating to commutation The design of the magnetic circuit, 
and consideiatioiis relating to the thermal limit of output, to efficiency 
and to icgulatiuii, although matteis of impoitance m obtaining a satis- 
factoiy result, ate ncveitheless secondary to the question of commutation, 
and they will consequently be considered incidentally to the treatment of 
the design fumi the eoniinutatmg standpoint 

Undei the getieial class of constant potential dynamos aie included 
not only dyiianio-i designed to maintain constant potential at their termi- 
nals foi all values of the euiieiit output, but also those designed to 
niaintain constant potential at some distant point or points, in which 
lattei case the \oltago at the geneiatoi teiminals must mciease with the 
cm lent output, to compensate foi the loss of potential m the transmission 
sy.stein 

In the coinmuhiting dynamo, gieat improvement has been made in 
the last few yeais in the niattei of spaikless collection of the commutated 
ciuieiit, 111 eouseipience of winch, the coinmutatoi undeigoes very little 
deteiioiation, and it is custoniaiy to requne the dynamo to deliver, without 
haindul s[)aiking, any load up to, and eonsideiably in excess of, its lated 
out[)ut, with constant jiosition of the brushes This has been made neces- 
saiy by the conditions of seivice undei which many of these machines must 
o[)ciato, <uid the pei foimance of such machines is m maiked eontiast to 
that of the dyn.inios of but a few yeais ago, in which the necessity of 
slutting the blushes (oiw.iid in piopoition to the load was looked upon as 
a mattei of couise The change has been brought about by the better 
undei standing of the occuitences diuing commutation, and to the gi actual 
aciuisition or data fiom which satisfactuiy constants ha^e been deduced 
One of the most iiiipoitaiit factois has been the veiy general introduction 
of high-iesistau(,o blushes, the use of coppei brushes now geneially being 
lesoited to only foi special pm poses 
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Radial bearing carbon brushes are now used very extensively, and 
although they weie at first considered to be ajjplieable only to high ]')oten- 
tial machines, where the quantity of current to be collected Avould not 
require too laige and expensive a commutator, their use has boon extended 
to low-voltage machines of faiily large output, the advantages being con- 
sidered to justify the increased cost of the coramiitatoi Various typ<‘.s of 
blushes have been developed, intermediate in resistance between carb(m and 
coppei, and dift’erent grades of carbon blushes, from high-i esistaneo gi.ido.s 
with fine grain for high potential machines, to grades of coarsoi giam and 
lower resistance for low potential machines A corresponding doi'tdop- 
ment has been taking place in the design of bi ush-holding devices 1 ii the 
construction of the commutator, care is now taken to insulate the sogmeul.s 
by mica, which shall vear at as near as possible the same rate as tlio copijn 
segments , and the construction of the commutator lias now reached a ,st<igc 
where uneven bars and other sources of trouble of earlier days now no 
longer give concern Of less importance, owing to the greatly iiici eased 
durability of the modern couiinutatoi, are the modes of constiiiction 
whereby sectors of the commutator may be renewed without distiult.uicc 
to the remainder of the commutator This is a method much employed 
in large commutatois Amongst the examples of modern dynamos wliicli 
follow the discussion of matters of design, will be found illustiatioiis of 
various types of commutator construction 

The advance thus briefly summed iqi, m the mechanical design and m 
the caieful choice of material foi blushes, brush holders, and commutatois, 
has been in no small measure responsible for the improvement in com- 
mutating dynanios, and, ivhen accompanied by correct eloctro-magiictic jno- 
poitions, has enabled manufactuieib to dispense with the many ingenious 
but complicated windings and devices arranged to modify sparking b^ 
making use of various electro-magnetic piuiciples requiring auxiliaiv 
^^^bngs, siilisidiarj poles, and other additions Some of these iioii- 

sparkmg devices accomplish their purpose veiy effectively , but, noiiMtli- 
standing the caie and ingenuity displayed in their application, it dors 
not appear likely that it ivill be coinmcicially profitable to losoit 
to them, since the caieful application of ordinary methods ajqiuiiis to 
have already brought the constant potential comnuitatnio dynamo to tliat 
stage of development whole the theimal limit of output of aiiiiatiiio 
and field is leached below that output wheic harmful s]iarlvmg (kcuis 
F urther improvement rendeung it to use moic hio)i]y 
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conducting bruslich. ivithout encountering sparking, would of couise lesult 
in cl Sciving in the cost of the commutator, and from some source or other 
such iiiipiovemeiit may appear But as the saving can appaiently only be 
effected at the commutator, it will not be sufficient in amount not to be 
nioic than oftset by the increased cost of resoiting to any of the auxiliaiy 
windings and devices yet proposed 


Armatuiie Reaction 

Idle study of the problems relating to sparking resolves itself down 
pimcipally to the study of the reaction of the aiiiiatuie, which will now 
be consideied and illustiatcd with i elation to its influence upon the propoi- 
tionnig of coiiimutcating dynamos, the choice of windings, and, finally,^ 
by desciiptions of some modein dynamos 

When discussing the foimuUe foi clectiomotive foice and the desiguj 
of the luagiietiG ciicuit, it was pointed out that consideiations lelatmg',', 
to aiiiiatuio leaction make it necessary to modify the conclusions'' 
arrived at when these phenomena aie left out of consideration The 
foiniula toi the electi oiuotivo foice E = K T N M 10-^ has already 
been given Additional conditions ai-e, however, imposed by the necessity 
of giving T, the turns, and M, the flux, such relative values as to 
fulfil the eonditioiis iiecessaiy to obtain spaikless collection of the 
cui'ieiit, and satisf<ictoiy regulation of tlie voltage, with varying load 
d'ho locpmements (or coimnutatnig oi icvorsing the cuiicnt in the 
cod that is to be tiansfeiied fioiii one side of the biush to the 
otliei, (onsist in so [ilacmg the blushes that when the coil leaches the 
position of shoit-ciKUit under the Inushes, it shall have jUst aiiived in 
a nmgnetic held of the diieetion and intensity neeessaiy to leveise the 
can lent it has just been caiijing, and to build up the icvmised cinient 
to a stiength erpial to that of the cuiieiit in the cncuit of winch it is 
about to I'.eeoine a pait In such a case, there will be no spaik when 
the cod passes out fiom the position of shoit cncuit under the brush 
Now it IS [il.iin that, as the cuiient dehveied from the machine is 
niei eased, it will letpiire a stiongcr held to reverse in the cod this 
stiongei (ament But, unfoitunately, the presence of tins stronger 
cuneut in the tuins on the aiinaturc, so magnetises the armature as io 
distoit the magnetic field into a position in advance of the position of 
the blushes, and also to weaken the magnetic flux The brushes must 

u 
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therefoie be .sliiftecl still furtbei, wbeieupon the duuiagnetisiag effeet of the 
aimatuie is again intensified Fiiiallj^, a ciiireiit output will be leaehed 
at which sparkless collection of the cuiient will be impossible at any 
position, theie being nowhere — b}’' the time the brushes aie moved 
to it — any place with sufficient strength of field to leverse and build up 
to an equal negative value the stiong arinatiiie current, dui mg the time 
the coil IS passing undei the brush 

These distoiting and demagnetising effects of the ainiatuic tuiient 
are made quite plain by the diagrams given in Figs 144, 145 and J4(), 
in which the winding is divided into demagnetising and distorting belts 
of conductois 

In Fig 144 the blushes are in the neutral zone, and the euiieiit 
IS distiibuted in the tivo sets of conductors, so as to tend to set uji 
a flux at right angles to that which, the aimatuic carrying no cniient, 
would be set up by the field The lesultant flux will be distoited 
towaid the foiward pole tip, considered with refeience to tlie diiectioii 
of lotation Therefore, at this position of the brushes, the electio- 
magnetic effect of the armature is puiely distortional Similaily, if, as 
in Fig. 145, the blushes weie moved foiward through 90 deg until 
they occupied positions opposite the middle of tho pole faces, and if in 
this position, current weie sent through the blushes into the aiinaturc, 
(the aimatuie with this position of the blushes being incapable of 
geneiating current), the electiomagnetic effect of the armature would 
be purely demagnetising, there being no component tending to distoit 
the field, and in any intermediate position of the blushes, such, for 
instance, as that shown in Fig 146, the electromagnetic effect of tho 
armature cuiient may be resolved into two components, one demagiieti.sing, 
and due to the ampere turns lying in the zone defined by two lines (a a ) 
cliawn perpendicularly to the direction of the magnetomotive force of the 
impressed field, and passing through the foiwaid position of the two 
blushes, and the other component due to the ampere turns lying outside 
of the zone, and puiely distortional 111 Its tendency Fig 14 d, of toiiise, 
lepresents roughly the conditions occurring in actual practice, Figs 14-1 and 
145 being the limiting cases, shown for explanatory pui poses 

In this connection, the results will be of interest of a tost of 
armature leaction under certain conditions A small foui-pole iion-clad 
generator of 17-kilowatt capacity, at 250 lolts, with a foui-ciicuit 
single-winding, was tested with regard to the dmtribiitioii of tJie magnetic 
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flux lu the gap Foi this purpose the gap was divided up into a 
nunibci of sections, fioin each of which successively aii exploring coil 
was withdiawii The coil Avas in ciicuit Avith a resistance box, and 
Avitli the moveable coil of a Weston Amltiiieter From the deflections 
and the total resistances of the ciicuit, the intensity of the flux at 
diftbient portions of the gap Avas detei mined These deteiminations 
Aimie made Avith the ai matin e at rest As shoAim on the curves of 
Fig 147, readings Avcie taken, first AAuth the field excited, but Avith 
no cuircnt 111 the aiinatuie, (curve A), and then with full-load cuirent 



a a 



in the ai mature, and foi vaiinus positions of the brushes. With the 
blushes at the neutial point (cuive B), the distoition is at a maximuin, but 
theie IS no demagnetisation It Avould have been expected that the 
distoitumal eioAvdmg of the hues Avould have so mcieascd the maximum 
density as to slightly dimmish the total flux at the excitation used, this 
e\( itation being maintained at a constant A'-aluc throughout the test The 
integiation of curves A and B, lioAA'-evoi, gives ecpial aieas, consequentlj'- 
theie Avas in tins case no diininutioii of the total flux 

Jhit Avlieii the blushes arc .shifted OA^er to the middle of the pole face 
(cuiA'o E), the demagnetisation becomes very marked, as may be seen. 
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not only by the shape of the curve, but by its total area which is 
proportional to the total flux, but there is no longer any distortion 
This last curve {curve E), representing the flux distribution corresponding 
to the position of the brushes at the middle of the pole face, should have 
been symmetrical, its lack of symmetry possibly being due to variation 
in the depth of the gap 

Dr Hopkmson^ has made expeiiments upon the distribution 



of the magnetic flux in the air gap of two Siemens Brothers’ bipolar 
dynamos, the results of which correspond very closely with his 
calculations with refeience to the influence of ainiatuie reaction A 
similai analysis of the cuives of Eig 147 also confirms the theory of 
armatuie reaction The machine expeiiuiented upon had a foui-eircuit 


^ ‘^Original Papeis on Dynamo Macliineiy and Allied >Sabjects By John Hopkinson 
^yhlttaker and Go , London, 1S93 
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drum-wnicliny, with 79 coiK of six turns each, lu 79 slots m the 

79x6 

pel iphery There were, therefore, ^ — = 119 turns per pole piece 

oil the arniatiiie The arniatiire ciirieiit being 71 5 amperes, there were 
71 5 — 4 = 18 ainpeios per tuiii, consequent!}'', 11b x 18 = 2140 ampere 
turns pel pole piece on the aiinatme The area of the curves, which 
aie proportional to the flux entering the armature, are as follows 


A 

B 

C 

IJ 

E 



Foi eiiives A- and B, the dcniagnctising component is zero, there 
homo, liowevoi, in tlie case of B, maximum distortion, which would 
have been expected to so inciease the maxmium gap density as to 
cut down the total flux due to the 3,000 field ampcie turns pei pole 
])iece Tills was not, liowevci, the case 

In cuives C, D, and E, the demagnetising component of the aimature 
strength lose to x 2,140 = 710 at G, -j x 2,140 = 1,420 at D, and 
to the full stiengtli of 2,140 ampere tmiis at E These lesults can be 
tabulated as follows 



The huge peicoutage of flux in cuivc E (41 pei cent), as compaied 
with the small peicuntage of resultant ampeie turns (29 per cent), 
IS explained by the fact that with the brush at the middle of the pole face, 
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as was tlie case m curve E, many of the armature turns aie so situated 
m space as not to be linked with the entire flux, and consequently 
cannot be so effective in demagnetisation In other words, the aimatuie 
turns are unifoimly distributed, instead of being concentrated in a coil 
placed so as to fully oppose the field coils The extent of this non- 
effectiveness IS pioportional to the pole arc, but with the positions of 
the brushes which would occur in practice, the demagnetising component 
of the ai mature ampere turns would be fully effective. 

It will be observed that foi curves A, B, C and D, the proportion 
of flux to resultant ampere turns is veiy close 


Application op these Considerations to the Proportioning op 

Dynamos 

If it were not for these effects, due to the electromagnetic reaction 
of the armatuie, the propoitiomng of dynamos would resolve itself 
into a determination of those values of T and M m the formula E = 
ETNIVI X 10“®, which would, with a minimum cost of material, oive 
the desired current and voltage , suitable cross-section of cojiper and 
iron being chosen, to secuie immunity from excessive heating Thus 
suppose the problem should arise, of the best design foi a 500-volt 
100-kilowatt geneiator, to lun at 600 levolutions pei minute The cunent 
output IS 200 ampeies Let us tiy a two-pole drum winding with 10 face 
conductors Then T = 5 , N = 10 , 500 = 4 x 5 x 10 x M x 10“®, M = 
250,000,000 lines The ai mature iron could not properly be run at 
moie than 100,000 line.s per square inch Therefoie, the cioss-section 
of the ai mature = 2,500 square inches at least It thus appears that 
the aimatuie would have to be 50 in in diameter and 50 m long, or 
else some othei equally extreme dimensions The fleld turns Avoiild be 
of great length, and as the air gap density would be very high, there 
would be need lor veiy many field ampeie turns AVithout caiiying 
the calculations any farther, it is appaient that, as legaids cost of materials 
alone, the machine would be poorly designed 

On the othet hand, suppose the aimatuie had 2000 face condiictois 
Then T = 1000 , 500 = 4 x 1000 x 10 x M x 10'®, M = 1,250,000 
lines Necessary cioss-section = 12 5 sqiiaie inches as far as’reglids 
transmitting the flux Therefoie, the magnet cores would be 4 in m 
diameter But to have on the armatuie 2000 face conductors, each 
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Cciiiying 100 aiupeio&, would lequiie a very laige aruiatiue, piobably 
as laigG a diameter as was necessaiy m the foruiei case^ but then it was 
a question of cariying a large magnetic flux, which determined the size 
of the ainiatuie In this case we should have a very laige weight of 
aimatuie coppei, but olheiwise the material would not cost much, if we 
look no further into the mattei of field coppei than lelates to that 
necessaiy to obtain the lequiied flux; ab no load But, nevei tireless, on the 
scoio ot mateiial .done, some inteunediatc number of conductors would 
be found to give a moie economical lesult 


iNfLUlLNet, OF AliSlATUKE BeACTION IN THESE TWO ExTRKME CaSEs 


In the first case, that of the aunatuio with only five turns, there 


would har’c been but 


5 X 100 
o 


250 ainpeie turns pei pole-piece on the 


aimatuie, which, <is fai as armatuie leacbion effects aie concerned, would 
be entiiely negligible , but, as lelatcs to the eollection of the curient, tlieie 

would be = 200 aveiage volts between commutator segments, and 

this would ha\o couesponded to such a high inductance pei coil as 
to have lendeied ([Uiie impossible the revel sal of 100 amperes, 20 times 
pel second, with any m’dinaiy aiiangement of commutator and biushes 
111 the othei case (Unit of the machine with 1000 aiinatuie turns), there 
would have been one volt [ici tin n, a value which, with the methods of 
constiuetiou geiieially employed, would coiiespond to a xciy loiv inductance 

indeed, but tlieic w'ould have been on the ai m.itui c —***-^**'—=50,000 


aiiipeie turns pel pole-piei e, w'liich would conipletel}'' oxeipow'oi the field 
excitation, and the design would be entirely out of the (juestion 

We find, theiefoie, that -while m the fiist case the aimature reaction 
IS small, the mductauce per commutator segment is excessive In the 
second ease the inductance [ici commutatoi segment is small, the aimatiirc 
IS altogethei too stioiig With but two poles, some iiitei mediate value 
would have to bo sought foi both quantities, probably something like 100 
turns would gi\e a fairly good result 
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Conditions Essential to Sparkless Commxjta,tion 

As a consequence of armatuie leactiou and inductance, it becomes not 
only desiiable but necessary to limit the aimatuie strength to such an 
amount (at full load curient) as shall not too greatly interfere with the 
distribution and amount of the magnetic flux set up by the magnet sjpools 
It IS furthermoie necessaiy to make each armature coil between adjacent 
commutator segments of so low inductance as to permit of the complete 
reversal of the current by means of the residual flux m the commutating 
field The location and amount of this residual flux is determined by the 
strength of the ai mature, and the position of the bi ushes and the i eluctance 
of the gap To best understand the method of fulfilling these conditions, 
attention should be given to the following illustrations, which lead up to a 
veiy definite method for assigning the most desirable electromagnetic 
pioportions to constant potential dynamos, particulaily with reference to 
the determination of the pioper number of poles 


Determination of the Number op Poles for a Given Output 

Suppose we Avant a 50-kiloAA''att 400-voIt bipolar geneiatoi Wc 
conclude to limit the armature strength to 3,000 ampere turns per pole- 
piece, and the volts per commutator segment to 16 Amlts (a very high limit) 

Amperes output = = 125 amperes Therefore, each conductor 

125 , 3,000 

canies — - = 62 5 amperes Turns per pole-piece = ■gyy = 18, i c , 96 

total turns = 25 cominutatoi segments betAAmen brushes, or 50 total 

commutator segments Therefore ^ = about tAVO turns per coil (i e , per 
commutator segment) 

In the 100 kiloAA^att machine for the same voltage, to retain the same 
strength of armature, and the same volts per commutator segment, Ave 
must have only one tuin per coil 

Eor these A^alues of armature strength and volts pei cominutatoi 
segment Ave have noAV reached the limiting output, and the pioblem aiises 
What shall be done iii the case of a machine of tAvice the size, in this case 
200 kilowatts, if the type of Avinding remains the same ^ We cannot have 
less than one turn per commutator segment, so Ave find that m a bipolar 
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machine it aviU be neces&aiy to either double the armature strength, in 
which case we can retain the Ioav voltage per commutator segment, or we 
can double the imltage pei commutator segment, and keep the armature 
strength of the same low value used in the previous cases, oi we can 
compromise by laising both limits to a less extent This latter plan is that 
which would be adopted to letain the bipolar design But the lesult 
Avould be unsatisfactoiy as regaids sparking, and even though it could be 
made passable at this output, the same quesMon would aiise with the next 
larger size But by the use of a multipolar design, the difficulty is entirely 
oveicomo Suppose ive let our 200-kilowatt 400-volt machine, haAm four 
polos Then there will be four paths through the armature, each carrying 

a quarter of the total ciuient Ampeies output = = 500 amperes 


Thcrcfoie ainpcies pei conductoi 


500 


125 


The turns per pole-piece 


3,000 

125 


24 Wo have, also, 24 commutator segments per pole-piece, 


oivinn = IG G volts pel commutator segment 

^ ® 24 ^ 

A machine can coiisecpicntly be made to opeiate entiiely satisfactoiily, 
as regards sparking, bj’' designing it AAuth a proper nuinbei of poles 


Multiple Circuit Windings 

With multiple-ciicuit Avmdmgs, the ai mature strength and the volts 
pel bai may be i educed to any desiied extent by sufficiently inci easing the 
numbei of poles Thus, supjiose that in a ceitain case the conditions given 
aie that the aim.ituie stiength of a 500-kilo\\att GOO-Aolt genciatoi shall 
bo 4,000 ampei e-tiii 11 s pei pole-pieco, and that thcie maybe 15 volts pei 
commutatoi segment Tlien the number of polos Avould be detei mined 
as follows 

Comnmtatoi segments pei pole-piece — = ^10 

Tlioicfoie 10 turns pei pole piece 

= 100 amperes pei aimatuie biancli 

Full load cm lent = 833 ampcies 

GOO 

So 3 

Tlieiefoic we want ' = S poles 


X 
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But suppose it "weie considered advisable that tins generator should 
have only 3000 ampeie-tuins pei pole-piece on the armature, and that it 
should have but 8 volts per commutator segment, then turns per pole-piece 


600 


= 75 


Ampeies per ai matin e conductoi 


3QQ0 

75 

833 


= 40 


Theiefore numbei of poles ~ ~ = 20 


Two-Circuit Windings 

But m the case of two-circuit windings, these values cannot be 
adjusted by changing the numbei of poles, for the reason that the current 
divides into two paths thiough the armature, independently of the numbei 
of poles, instead of dividing into as many paths as there are poles 

Suppose, foi example, that it were desired to use a two-cncuit winding 
in a 500-liilowatt, 600-volt geneiatoi, and to have 15 volts per commutator 
segment Then 

ISTumbei of segments pei pole-piece = = 40 

TP n 1 ^ 500,000 5 

Full load ampeies = — bOO^ ^ 

Ampeies per turn = = n7 


Therefore, ainpere-tuins per pole-piece on armature = 40 x 417 
= 16,700 

This would be impracticable To reduce this to 6000 ampei e-turns, tlie 
turns have to be reduced, and consequently the commutator sugments, to 

- X 40 = 14 per pole-piece There vould then be = 43 volts 

fier commutatoi segment, which, with ordinary coiistiuction, would coiies- 
pond to so high a reactance voltage in the shoit-ciicuited coil (m a inacliino 
of this output) as not to be per niissible Alodeiate values can only bo 
obtained by interpolating commutator segments in accoidance with some 
w’ell-kiiowii method, or by the use of double, tuple, oi othei multiple 
windings Such methods generally give uiisatisfactoiy lesults, and two- 
cncuit vinchiij^s are seldom used foi machines of huge output When 
they are used, in such cases, exceptional cure has to be taken to couiiteiact 



Limitations of T^vu-Cri cult Windings 155 

then objectionable featiucs by the choice of very conservative values for 
other constants 


Multiple Windings 

But the use of multiple windings (such, foi instance, as the double 
winding of Fig 74), permits of employing two-circuit windings 

Thus, suppose in the case of the design of a 350-kilowatt, 250-volt 
geneiatoi, it appears desirable, when considered with leference to cost of 
material, or foi some other reason, to use 14 poles, and that, furthermore, 
a trvo-cucuit multiple Munduig is to be used The question arises, how- 
many windings shall be employed, m order to have only 9 volts per 
conimutatoi segment, and to permit not over 5,000 ampere-turns per 
pole-piece on the ar mature ^ 


1250 

~ —2b coinmutritoi segments pci pole-piece 

Thoicfoic, 28 turns pci pole-piece 
ihcicroiOj =180 ampoics per turn 

, , ^ 250,000 T ... 

A mpeics output = - - = 1100 ampeies, 

-jfJU 

1100 ^ 

ISO = ' ' 


Thoiefore tlieie must be eiglit paths through the aimatuie from the 
positive to the negative brushes Consequently, a tvo-ciiciiit quadruple 
winding is ie<inucd 

It may, howcvei, bo well to again emphasise the fact that poor lesults 
generally follow fiom the adoption of such windings, except in cases where 
a width of commutator can be affoided which permits of dispensing with all 
but two sets of blushes ^ By adopting such a width of commutator, one of 
the savings ejected by the use of multipolar designs is lost By careful 
designing, two-ciicuit double and sometimes two-circuit tuple windings 
have given good results 


^ If only tuo sets oi biushps aic rclauiecl, the shoit-ciicmted set of conductors no longer 
consists of the two coiresporrding to orre turn, but now irrcludes as many rn ser res as there 
fire poles A high i eactance voltage is coiisei^uently present in this shoit-cncuited set The 
presence of the full number of sets of blushes, if correctly adjusted, ihould reduce this, but 
cannot in practice be lehed upon to do so 
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Two-Cikcuit "Coil” Windings 


But two-ciicuit single ■\viucliugs can be very piopoily applied to 
macliiues of such small capacity, that, when good constants are chosen, 
they work out to have one oi inoie turns per segment It follows 
that, withm ceitam ranges, any desired values of ai mature stieugth 
and volts pei commutator segment may be obtained, not, houevoi, by 
a suitable choice of poles, but by the use of a suitable number of turns 
between commutator segments Suppose, for instance, a tO-kilowatt 
100-volt genciatoi, with an ainiatuie strength of 2,000 auijiore turns 
per pole-pieee, and with 5 volts per conunutatoi segment 
Then 


Segments per pole-piece = 


20 


Full locid cm lent = ^*00 ~ ~ ampeies 
Amperes pei conductoi = = 50 

Turns per pole-pieco = == 

Tlieiefore, ^ = two turns per commutator segment 


If 3,000 amperc-tuins had been pcimissible, we should have used 
3,000 

X 2 = 3 turns pei commutator segment 

Finally, it may be stated that two-cnciut armatuies aie built multi- 
polar mainly fiom considerations of cost, and should not lie used (oi 
large outputs except in special cases 

Aside from the reasons dependent stiictly upon the magimtie limit 
of output, it may be said that two-circuit Avindings are unsatislactoiy 
whenever the output is so laigo as to loquiic the use of inoie than two sots 
of blushes (ill oidei to keep the cost of the connnutator within leasonable 
limits), because of the two-cncuit windings lacking the pro[)eity of 
compelling the equal subdivision of the cuircut among all tbo sets of 
brushes used Selective commutatiou occuis, one set of biu.slies 
cairying foi a time a large part of the total cun cut, this sot of biuslies 
becoming heated This trouble is greater the gicatci the miinbci of 
sets of brushes, and the practicability of two-circiut windings may bo 
said to be mverselv as the number of poles If, hnwevoi, in vniJtij)le 
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cncuit windmos the pait of the winding opposite any one pole-pie 
should tend to take iiioie than its share of the current, the incieas' 
ai matin c icaction and CR diop tends to restore equilibrium, tl 
piopeity constituting a great advantage 


Voltage ter Commutator Segment as Related to Inductance 

As already stated, tlie average voltage between cominutatoi segmenl 
although it can be lelied upon to give good lesiilts, if caie is used 
special cases, is nut a true criteiion of the inductance of a coil Fc 
in different types, this expression may have the same value foi coils 
dirteieiit induct, luces 

Thus, if the design is for an armature in which the conductors a 
located in holes beneath the surface, the inductance will be very high, ai 
it would be nccessaiy to limit tlie aveiage voltage per conimut,it' 
segment to a very low value If the slots aie open, the inductaii' 
will be somewhat lowei, and in a smooth core constiuction with tl 
winding on the suiface, tlie inductance is veiy low In this lattei cas 
a much liighei value foi the aveiage volts per commutator segmei 
could be used 

The possible value also vanes accoiduig to whether carbon , 
coppei blushes aie used Carlion’- brushes may be much less coriect 
set and still have spaiklcss commutation, due to the high resistance 
the blush limiting extieine vaiiation of curient in the short-cii cuiti 
coil, as well as because the blushes aie not so subject to injiii 
thiougli this cause, as would be the case with coppei biushe 
consecjuoutly, the aveiage volts pei cominutatoi segment may be peimitti 
to bo tliiec or foui times as gieat as with copper brushes, wither 
cndangciiiig the duiability eithci of the blushes or of the commutator , ai 
oil account of this, it is found desirable to increase the density in tl 


^ There licis lately been a teiideiiey amongst some designeis to attiibute still oth 
piopcitios to liigli-icsistanco blushes, <uul even to maintain that they play an iinpoitant pa 
not only in limiting the shoi t-cii eiut cuiient, but in acceleiating the building up of t 
leveised cuiicnt llowcvei, one would tccl inclined to hold that the main element m t 
commutating, i e , stepping and levcising of the cuiieiit, is attiibutable to the influence of t 
1 e&idual commutating held , and that wliile the c.uboii biush aids in piomptly aiiesting t 
oiiginal cuiient, it is peihaps of still more impoitaiioe in viitue of its possessing a certa 
ineitness in combination with tlie coppei conimutatoi segments which lendeis the sparki 
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air gap to coirespond with this higher inductance between commutatoi 
segments 

We have now shown that although the piehminaiy design for a 
Bommutatiiig machine may be ai rived at from the maxiinuin peiniissible 
armature reaction and the nuraher of commutator segments per pole 
accessary for good commutation, the average voltage between the 
lommutator segments is not the ultimate expiession as regards com- 
nutation The ultimate expression must be in terms of the inductance 
)f the coil 01 coils included between a pair of commutator bais 

In general, commutation occurs when a coil is in a feebly magnetised 
ield, so that the inductance can be approximately calculated fiom tho 
nagnetomotive force of the coils, and the reluctance of the magnetic 
111 cult around which the coils act The frec[uency of leveisal is determined 
lom the thickness of the brush and the commutator speed 

The commutated cuirent consists of two components one a Avattless 
nagnetising component, and the other an energy current, due firstly to 
he dissipation of energy by K loss in the coil, and secondly to 
ddy currents geneiated internally in the coiiper conductors, and in the 
urrounding mass of metal 

It follows from this that there is a loss incieasing with the load in 
ommutating machines clue to the commutd,tion of the currents Theie 


uch less destructive than between coppei biuslies and coppei segments It has the piopeity 
buinisliing the commutatoi, giving it a lustrous lefiactoiy suiface 
The following bibliogiaphy comptzses the most lecent contiibutions to the discussion ot 
le subject of spaikmg m commutating dynamos 

Weymouth , “ Diuiu Armatures and Commutatoi s ’’ 

Reid ^ “ Sparking^ Its Cause and Eftects/’ Am Inst Elec Engis ^ December 15lli, 
)97 Also The Eleciiician, Eebruaiy 11th, ISOS 

Thomas, “Spaikmg in Dynamos^’ The Eleeti xc/ian^ Eebiuary ISth, 189S 
Giiault; “Sui la Commutation dans les Dynamos a Couiant Continue ^ Bull cle la 
tc Int des Eletii , May, 1898, vol x\ , page 183 

Dick, “ Uebei die Uisachen dei Funk eiibil dung an Kollektoi unci Euisten bei Gleicli- 
^'om-dynamos ” Biel Ze%t ^ Decembei 1st, 1S9S, vol xix , page 802 

Fischei-Huinen , “Uebei die Funkenbildung an Gleichstiom-maschiiien Eleh Zezt ^ 
Bcembei 22ncl and 29th, 1898, vol xix , pages 850 and 867 

Arnold, “Die Koiitactwiderstand \on Kohleii und Kupfeibuisten und die Tenipeia 
feihohung eines Kollektoi s Elek Zeit , January 5th, 1899, vol xx , page 5 

Kapp , “Die Funkengrenze bei Gleichsti om-maschinen ” Elek Zeit , January 5th, 1899, 

[ XV , page 32 

Arnold and Mie , “Ueber den Kuizschluss cler Spulen und die Kommutation des 
omes ernes Gleichsti omankeis Elek Zeit ^ Febiuaiy 2nd, 1899 vol xx , page 97. 
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are also other load losses in commutating machines, bi'ought about bj’" 
the distortion and the increasing magnetisation in the iron, so that the 
hysteresis and eddy curient losses increase from no load to full load, as 
also the eddy current losses in the armature conductois themselTes^ It 
has been gcneially assumed on the pait of designers that these losses in 
the armatures of commutating djmainos do not increase with the load 
This, howevei, is incoirect The increase does exist, and is in geneial of 
the same natuie as the increase iii these losses m alteinators, due to the 
load, although they may be rcstiicted to a gi eater extent by pioper 
designing The effect of the induced eddy cm rents on commutation is 
often appreciable, since the frequency of commutation is geneially from 
200 to 700 cycles per second Foi this reason, calculations on inductance 
in icfercuce to commutation have to bo considcied with refeience to the 
paiticulai eonstiuction of the arniatmc coio Constants as to inductance 
aie, theiefoic, best detoi mined by actual measurements In piactice, a 
good avciage expression is, that one ampeie turn will give a field of 
20 C G S lines per inch of length of armature core 

It IS convenient to assume tins as as a basis upon which to woilc 
out a design As the design dcvelopes, the figures should be collected 
accoiding to the dimensions selected This is the most satisfactory' 
method, and several tests will be clescnbed, the results of which have a 
dnect beaiing upon the value of the constant By a study of these 
lesults one may deteimme the most desirable piopoitions to give to the 
armatuie slot in ordei to bung the inductance down to, oi even below, 
the value of 20 C G S lines per ampeie turn and per inch of length of 
ainiature lamination In cases w'hcre it is impracticable to use such slot 
pioportions as shall give the minimum value, the tests afford an indication 
of the value to be used It is, of couise, vei}’’ desnable that such 
experiments should be independently canned out on the particular line 
of commutating dynamo with which the individual designer is concerned 
In this connection, that is, m relation to inductance m commutating 
dynamos, interest attaches, not to the inductance ot the aimatuie wnudmg 
as a wdiole, as m the case of alternating -current dynamos,^ but to the 


1 See Fig 114, on page 106, foi e\:peiimeutal confiiination ot tins statement 
“ Rotary coiiveiteis contain the elements of botli these t}pes, and in then subsequent 
tieatnieiit it Avill appeal that wlnle the coil undei going commutation should have the least 
piacticable inductance, the inductance of the coils m sciies between collectoi iiiigs must ha\e 
a suitable value foi leasons entirely otlier than those i elated to commutation 
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nductance of those components of the winding which simultaneously 
imderg'o coiximutation at the brushes In well-designed djmamos of this 
bypo such, coils will, at the time of commutation, be located in the space 
lietwoen pole-tips, piactically at the position of minimum inductance 
rile measurement of this inductance was the object of the tests now to 
be described. 


PkactiCjIL Definition of Inductance 

A. coil has an inductance of one henry when it is situated in a 
uedium of such permeability, and is so dimensioned, that a current of 
mo ampere sets up a magnetic flux of such a magnitude that the product 
)f the number of lines linked with the coil, by the nnmbci of tin ns m 
die coil is equal to 100,000,000 If the coil has but one tuin, then its 
nductaiice, expressed m heniys, becomes 10“® times the immbei of lines 
inked witli the tuin when one ampere is passing thiough it If the 
!oil has T turns, then not only is the magnetomotive foice T times as 
rroat (except; in so fai as satuiation sets in), hut this flux is linked with 
r turns , hence the product of flux and tiiins, le , the total linkage, the 
nductemee of the coil, is propoitional to the square of the numbei of 
■urns ill the coil. 


Description of Experimental Tests of Inductance 

Ehrst Experiment — In Fig 148 is shown a sketch of a commutating 
lynamo with a projection type of armature with a foui-ciicmi single 
v’lnding'. The inductance of several groups of coils was measuied vith a 
")-c‘Vclc alternating cm rent, and the results, together with the steps of the 
idculation, are set foith m the following Tables 


Table XXXYII — Minimum Inductanci; 

{I()nductor& iii position oi miiumum imUictance aie in the commutating /one, « e, midway 

between pole coniers 


umlior of 

Untlor 

^JVKt 

Amperes 

in 

these 
Tui ns. 

Volts 

Imps 

dance 

in 

Ohms 

Resist 

ance 

m 

Ohms 

React 

1 dnee 

in 

Olinis 

Induct 

ance 

in 

Hem 3^8 

1 

COS Lines pei 

1 Ampeie Tiun and pei 
Inch of Length of 
Laniinatiou 

1 

75 

594: 

00790 

00692 

00388 

' 0000247 

If) 0 

r, 

65 

72S 

0120 

00S65 

00708 

0000150 

18 0 

() 

68 

U4: 

0139 

0104 

00930 

0000592 

16 5 
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The air gap of this machine was afterwards shortened from its oiigins 
depth of about 188 in to about 1 in , and the inductance m the position o 
inaximuin inductance was again measuied In the position of minunun 
inductance, the values aie unaffected by the depth of the air gap 




V" of SloU — 166 

Or css len^Ov oF AinLCiUrre^ IcuriJuiCAAjucns II 25 


Second Experiment — A commutating dynamo, illustrated in Fig 149, 
has a foui-ciicuit single winding consisting of 75 coils of three turns each, 
arranged in 75 slots Tests with 25-cycle alternating cm rent weie made 
on the inductance of from one to five adjacent coils, and the results are set 
forth in Table XL 

Y 
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Table XXXVIII — Ma^ium Inductance 


I position of maximum inductance aie unclei the middle of the jiolc faces 



Impe- 

Resist- 

React 

Induct 

G Ct 8 Lines pei 

Volts 

dance 

ance 

ance 

ance 

Ampeie Tuiii and per 

m 

in 

in 

in 

Inch of Length of 


Ohms 

Ohms 

Ohms 

Henrj s 

Laniiiiation 

391 

00535 

0031G 

00407 

0000260 

G5 0 

730 

0103 

00529 

00890 

0000567 

63 0 

{'SS} 

0174 

00692 

0159 

000102 

63 5 

594 

0270 

001(65 

0256 

0001G3 

65 0 

770 

0350 

0101 

0333 

000212 

59 0 


—Conductors in Position of Maximum Inductance wirii Siiortenld 
Am Gap 



Impe 

Resist 

React 

Induct 

Volts 

dance 

ance 

ance 

ance 

111 

in 

111 

in 


Ohms 

Ohms 

Ohms 

Henrys 

1S9 

00235 

00173 

00138 

00000876 

230 

172 

00575 

00605 

00346 

00346 


00452 

0000288 

25G 

0125 

00519 




500 

0128 

00519 


0116 

0000735 

1 02 

0133 

00519 




432 

850 

0210 

0221 

00692 

00692 


0202 

000129 

GIO 

' 0328 

00865 

0311 

000200 

915 

0465 

0101 

0152 

000288 


C (4 S r 11 ca {loi 
Ampule 'J’urn and pc t 
liicli of Length 
Laimnation 


87 G 
72 0 

81 5 

80 T) 

80 0 
80 0 


^ the air gap has increased the ludiictance in the position of maxiniuin inductance 
fc 


Table XL — Position or Minimum Induct vnce 


Amperes 

5^olts 

Impe 

dance 

in 

Ohms 

Resist 

ance 

111 

Ohms 

React 

ance 

in 

Ohms 

Induct 

ance 

in 

Henrys 

G' (4 N Iinespei 
Aiupeic Turn 
and per Inch ot 
Length of 
Lamination 

03 

2 25 

0357 

0309 

0173 

000110 

15 5 

58 

3 00 

0518 

0412 

0308 

000197 

15 6 

52 

3 70 

0710 

0515 

0482 

000307 

15 0 


PosiHon of ^fanmum Inductance 



61 

75 

0123 

0103 

00655 

000042 

53 

58 

1 95 

0339 

0206 

0268 

000171 

51 

52 

3 45 

0068 

0309 

0590 

000376 

53 

21 

2 30 

111 

0412 

103 

000655 

52 

20 

3 30 

165 

0515 

156 

00099 

50 


again be drawn to the fact that it is the iniiiimiim inductance, vluch coiiesponds to 
position of commutation, which is of chief interest in the present section 
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Tables XXXVIII and XXXIX, and the last half of Table XL 
relating to the position of maximum inductance, are useful foi a coriect 
understanding of the i elation of the proportions of the magnetic cuciiit 
of the ai mature coil to the resulting inductance, but aie not directly 
applicable to the conrlitions obtaining duimg commutation 

Tlmd Ex 2 ')eriment — Tests were made with G 0-cycle alternating curient 
upon the inductance of a six-pole commutating generatoi, the ai mature 
of which had 166 slots -with a six-cireuit siugle-wmdmg of 166 complete 
coils, each of two turns Pig 150 gives the dimensions The results 
arc set forth in Table XLI, 


Tabll XLI — Po&iTiON or Minimum Inductance 


Nniuhci 
of Coils 

Nuinboi 
of Till ns 

Am 

Volta 

Impo 

Mean 

Resist 

React 

Induct 

COS Lines pei 
Ampeie Turn 
and pel Inch 
Length of 
Arinatui e 

Unclei 

Test 

Undoi 

Test 

pores 

clanco 
in Ohms 

Impe- 

dance 

ance in 
Ohms 

aiice lu 
Ohms 

ance 

111 Hemys 










Lamination 

1 

1 , 

2 

2 

98 5 
126 6 

46 

585 

00467 

00463 

00465 

0015 

00439 

0000117 

26 0 

2 

4 

85 0 

1 42 

0167 






2 

4 

95 7 

1 62 

0169 

0168 

0030 

0165 

0000440 

24 5 

2 

4 

105 

1 79 

0169 






3 

6 

65 3 

2 21 

0343 






3 

6 

75 0 

2 60 

0346 

0345 

0045 

0342 

000091 

21 S 

3 

6 

87 0 

3 00 

0345 






4 

8 

65 5 

3 74 

0571 






4 

8 

76 0 

4 36 

0573 

0573 

0060 

0570 

000152 

21 1 

4 

8 

87 0 

5 00 

0575 







Fos^tlon of Maximum Inductance 


1 

2 

89 8 

71 

0078 






1 

2 

95 2 

77 

0081 

0080 

0015 

0078 

0000208 

46 3 

1 

2 

111 8 

91 

0081 






2 

4 

71 0 

2 24 

0316 






2 

4 

78 0 

2 42 

0310 

0312 

0030 

0310 

000082 

45 G 

2 

4 

84 2 

2 60 

0309 






3 

6 

72 3 

4 68 

0648 






3 

6 

83 7 

5 38 

0643 

0644 

00 45 

06-1 

000170 

42 0 

3 

6 

89 3 

5 74 

06 43 






4 

8 

66 6 

7 14 

1072 






4 

8 

77 0 

8 32 

1062 

1052 

0060 

105 

000279 

38 8 

4 

8 

86 3 

89 

1031 








164 


Elect') iG Geno ators 


Fourth Experiment — This i elates to the carcass of a 30 horse-power 
railway armature, the leading dimensions of Avhich are indicated in Fig 151 
Only four coils, of three turns each, were in position m four adjacent 
armature slots The ai mature was out of its field frame, which was 
equivalent to its being in the position of mininmm inductance The testing 
cuirent was supplied at a frequency of 100 cycles per second Gross length 
of arinatuie lamination = 8 5 in The lesults obtained are set foith in the 
following Tables 


Tablk XLTI — Position op Minimum Inductance 


Number 
of Coils 
Under 
Test 

Number 
of Turns 
m these 
Coils 

Amperes 
111 these 
Turns 

Volts at 
Tei 
miiials 

Impe 
dance 
in Ohms 

Resist- 
ance 
in Ohms 

React 
ance 
in Ohms 

Induct 

ance 

in Hentys 

C G iS Lmespei 
Ampere Tiiin 
and poi Inch 
t-lross Length 
of Armature 
Lamination 

1 

3 

55 5 

1 11 

0200 

0085 

0181 

000028G 

37 1 

1 

3 

17 0 

94 

0200 

0085 

0181 

0000286 

37 4 

1 

3 

34 0 

68 

0201 

0085 

0182 

0000287 

37 5 

1 

3 

31 5 

62 

0195 

0085 

0176 

0000278 

37 7 

2 

G 

51 9 

2 78 

0536 

017 

0507 

000080 

26 2 

2 

G 

42 5 

2 27 

0536 

017 

0507 

000080 

26 2 

2 

G 

36 3 

1 97 

0542 

017 

0513 

000081 

20 5 

2 

G 

31 4 

1 71 

0545 

017 

0517 

000082 

26 7 

3 

9 

23 7 

2 27 

0960 

026 

0924 

000147 

21 [ 

B 

9 

IS 9 

1 84 

097 4 

026 

0937 

000149 

21 6 

3 

9 

16 9 

1 62 

0959 

026 

0921 

000146 

21 2 

3 

9 

15 8 

1 50 

0947 

026 

0910 

000145 

21 1 

4 

12 

19 8 

2 91 

147 

034 

143 

000227 

18 5 

4 

12 

15 9 

2 51 

158 

034 

154 

000245 

20 0 

4 

12 

14 4 

2 15 

149 

034 

145 

000230 

18 8 

4 

12 

124 

1 88 

152 

034 

148 

000235 

19 2 


Mean of the foiii obsei\ations foi thiee turns 37 5 

„ ,, SIX ,, 26 4 

,, ,, nine ,, 21 3 

,, ,5 twelve,, 19 1 

Fifth Experinient — Fig 152 gives a sketch showing the loading 
dimensions of the dynamo experimented upon The armature was in place 
in the cast-steel frame Testing cuirent had a periodicity of 100 cycles per 
second The gross length of the armatuie lamination = 87 in The 
results are given in Table XLIII 
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Table XLIII — Position op Minimum Inductance 


Numliei 
of Coils 
Undei 
Test 

Numljei 
of Turns 
in these 
Coils 

Ainpeies 
in these 
Turns 

Volts at 
Ter 
ininals 

Impe 
dance 
in Ohms 

Resist 
ance 
in Ohms 

React 
ance 
in Ohms 

Induct 

ance 

in Henry 8 

C G S Lines per 
Ampere Turn 
and pel Inch 
Gloss Length 
o± Ai mature 
Lamina fc ion 

1 

3 

39 0 

S3 8 

0215 

0065 

0205 

0000330 

42 2 

1 

3 

13 f) 

941 

0216 

0065 

0206 

0000332 

42 4 

1 

3 

4G 0 

992 

0216 

0065 

0206 

0000332 

42 4 

2 

6 

20 0 

1 IS 

0590 

0130 

0584 

0000924 

29 5 

2 

6 

21 5 

1 24 

0577 

0130 

0562 

0000895 

28 6 

2 

G 

210 

1 39 

0580 

0130 

0565 

0000900 

28 8 

2 

G 

25 0 

1 45 

0581 

0130 

0565 

0000900 

28 8 

3 

9 

1 1 9 

1 84 

124 

0195 

122 

000194 

27 6 

3 

9 

16 9 

2 03 

122 

0195 

120 

000191 

27 2 

3 

9 

18 9 

2 29 

122 

0195 

120 

000191 

27 2 

3 

9 

20 9 

2 52 

121 

0195 

119 

000190 

26 9 

1 

12 

134 

2 46 

184 

026 

182 

000290 

23 2 

4 

12 

118 

2 74 

185 

026 

183 

000291 

23 3 

4 

12 

15 8 

3 01 

190 

026 

188 

000299 

23 9 

4 

12 

183 

3 44 

188 

026 

, 186 

000296 

237 


M( ail of the ohsci\ationq -with three turns 42 3 


Sixth Exj^emment — This experiment was made m lespect to the 
inductance of an armature of a 25 hoise-powei tramway inotoi 
The following data applies to this armature — 


Diaraetei of ai matin e 

16 in 

JSFumbei of slots 

105 

,, coils 

105 

Tunis pel coil 

4 

Conductois pel slot 

12 

Gloss length of ai matin e laminations 

8 in 


The inductance tests were made with a current of a peiiodicity 
of 100 cycles per second 

Inductance measurements were made upon one, two, three, and 
four coils m series, and under the condition of minmunn inductance, 
which was considered to coi respond with the ai mature m air, and then 
with air gaps of vaiious lengths arranged by a special pole-piece of 
laminated non of the dimensions shown in Fig 153, Avhich shows the 
pole-piece in place, with pieces of leatheroid between it and the armature 
Owing to this pole-piece being of the same radius as the aimatuie, on 



CGS USES PER AMP TUttN & PER !N LENGTH OF ARMATURE - LAMtN? 
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Tablf XLIY —One Coil op Four Turns per Coil Resistance = 0 011 Ohms 


Amperes 

Volts 

Imped 

ance 

Reactance 

Cycles 

per 

Second 

Induct 
ancG 111 
Hour j s 

C (t b Lines 
per Ampere 
Turn and per 
Inch Length 
of Armature 

Mean 

Mean Air 

23 75 

1 OS 

0455 

0433 

97 

0000710 

55 5 


m 

23 

1 07 

0166 

0444 

97 

0000728 

57 0 

56 6 

00 

20 3 

945 

0468 

0466 

97 

0000732 

57 2 



23 5 

1 325 

0562 

0549 

99 

0000884 

69 0 



22 

1 268 

0576 

0558 

99 

0000897 

70 0 

69 8 


19 75 

1 120 

05GS 

0551 

99 

0000887 

69 3 


U 1 

20 

1 385 

0693 

0678 

99 

000109 

85 2 



22 5 

1 56 

0694 

0b79 

99 

000109 

85 2 

85 5 

1 1 

TTT 

21 

1 675 

0698 

0684 

99 

000110 

86 0 


0 1 

21 5 

2 IS 

0891 

0880 

99 

000141 

1100 



20 

1 725 

0863 

0852 

99 

000137 

107 0 

108 2 

S 

22 

1 91 

0868 

0857 

99 

000138 

107 8 



22 

2 53 

1151 

1141 

99 

000169 

143 6 



20 

2 29 

1115 

1137 

99 

000183 

143 0 

142 5 


IS 

2 03 

1128 

1119 

99 

000180 

141 0 




Table XLV — Two Coils of Four Tlrns pfr Coil RESibTANcc = 0 033 Ohms 


Ampeie^n 

Volts 

Impedance 

Reactance 

Cycles per 
Second 

Inductance in 
Heniys 

G G S Lines 
pel Ampeie 
Till n and pei 
Inch Length of 
Ai mat 111 e 

Mean 

!Mean 

All 

Gap 









in 

21 

2 C4 

1256 

1212 

99 

000195 

38 1 



19 

2 12 

1274 

1230 

99 

000198 

38 7 

38 2 

CO 

17 5 

2 18 

1245 

1202 

99 

000193 

37 8 



17 

2 85 

1676 

1615 

100 

000262 

51 3 



15 5 

2 Gl 

IG&O 

1646 

100 

000262 

51 3 

51 0 

2 3 

7i X 

13 

2 15 

1655 

1620 

100 

000258 

50 4 



13 

2 81 

216 

213 

100 

000340 

6b 4 



15 

3 20 

213 

210 

100 

000334 

65 3 

65 9 

1 1 

0 4 

16 5 

3 55 

215 

212 

100 

000338 

66 1 



13 5 

3 IS 

278 

276 

100 

000440 

86 0 ^ 



11 

3 03 

275 

273 ' 

100 

000435 

85 0 

85 6 

5 

;:.T 

10 

2 77 

277 

275 

100 

000438 

85 8 



10 

3 59 

359 

358 

99 

000576 

1125 



9 

3 20 

356 

355 

99 

000572 

111 7 

111 6 

1 

0 i 

8 

2 82 

353 

352 

99 

000567 

1107 
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Table XLVI— Three Coils op Four Turns per Coil Rlsistancl =- 017.) Ciims 








C ( J iS Linofi 



Ampeieb 

Volts 

Impedance 

Reactance 

Cycles pel 
Second 

Inductance in 
Hemys 

pel Ainpoio 
''I'urii and poi 
Inch 1 eiiEtih of 

Moan 

MtMll 

Vii 
( «ap 







^Vriniituio 



15 

3 68 

215 

240 

99 

000386 

33 5 

3,» 7 

in 

13 5 

3 35 

248 

243 

99 

000391 

3 i i) 

cO 

12 

2 96 

246 

241 

99 

000388 

1 

3.) 7 



10 

3 17 

347 

344 

! 98 

000658 

18 5 



9 

2 98 

331 

328 

98 

000533 

1(» 3 

15 8 


8 

215 

306 

303 

98 

000492 

‘J2 7 

! 

! 

17 

78 

458 

452 

98 

000737 

1)3 8 

1 

1 


15 

6 75 

450 

447 

98 

000726 

03 0 

().i 2 

1 1 

1 i 

14 

63 

450 

447 

98 

000726 

63 0 



13 

7 84 

603 

601 

98 

000976 

Kl () 



12 

7 08 

590 

588 

98 

000958 

83 3> 

80 8 

1 

1 - 

10 

5 32 

532 

530 

98 

000863 

71 7 



18 

14 6 

812 

811 

98 

001317 

1112 

1 

1 

16 

12 5 

782 

781 

98 

001270 , 

1 10 1 

111 1 


15 

11 6 

774 

773 

98 

001255 1 

1 

109 0 



Table XLVII — Four Coils of Four Turns 

PER Coil Risistanoe 

0(i37 Ohms 







C (I S Ijuioh 

1 1 
1 


Anipei es 

Volts 

Impedance 

Reactance 

Cycles per 
; 8ocond 

Inductance in 
HeiirjH 

|)(‘i Ainpcie 
Turn and i)Oi 
Iiicli Len^^tli of 

M<an 1 

M( an 

All 
( lap 







Auh.lUuo 

i 

19 

7 42 

390 

385 

100 

000613 

29 9 


111 

17 

6 47 

380 

375 

100 

000598 

29 3 ' 

29 5 i 


U 

5 32 

380 

375 

100 

000598 

29 3 j 



15 

8 23 

544 

539 

^ 100 

000872 

’ 12 6 i 



13 

7 06 

543 

538 

1 100 

000871 

12 (! 

11 5 


11 

5 48 

500 

495 

1 100 

000802 

59 2 



10 

7 58 

758 

755 

1 100 

00120 

1 58 7 



9 

6 64 

738 

735 

100 

00117 

57 3 

58 1 

1 1 

8 

5 40 

675 

672 

100 

00107 

' 52 3 


1 <1 

17 

19 04 

1 12 

1 117 

* 100 

00178 

87 0 



15 

16 25 

1 082 

1 079 

100 

00172 

84 2 

81 8 


13 

13 75 

1 057 

1 054 

100 

00170 

83 1 

1 « 

17 

24 0 

1 411 

1 410 

100 

00225 

110 



15 5 

21 3 

1 375 

1 374 

100 

00219 

107 

107 r, 

1 

i 

14 

19 0 

1 356 

1 355 

100 

00216 

105 5 


The cluves m Figs ISi and 155 aie plotted fioin the above iomuUh 



Expemi'ieidal Data of Inductance 


16 


No results are given for tlie position of zero air gap, since grea 
inaccuracy was introduced by the pole-piece not making a unifori 
inignetic contact each time it was rejolaced 

Seventh Experiment — The armature of a 20 horse-power railwa 
motor characterised by an especially small number of slots (twenty-nine 
was measured as to inductance, and it is interesting to note that clespit 
the concentration of many turns m each slot, the inductance as exjiressei 
in terms of the number of C G S lines pei ampei e turn and per incl 



length of armatuie lamination, is but very little greater than in machim 
with many slots and but few conductors pei slot 

The pimcipal dimensions of the armature are given below, and i 
Fig. 156 


Diametei of aimatuie 

11 m 

Numbei of slots 

29 

„ coils 

87 

Tuins pel coil 

6 

Conductois pel slot 

36 

Gioss length of ai mature laminations 

9 in 

Length of air gap average 



The values for the position of minimum inductance were taken wr 
the armature out of its fiame , ^ e , in air 


z 
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Euiujye'nmeibtnl Tests of Inductance 

Foi’ the po&ition of maximum mductance, the aniiatuie was m i 
flame with the coils under test diiectly uiidei the pole face The pole fa 
was built of laminations 

Fig 157 shows the aiiangenient of the coils in the slots, aud also serv 
as a key to the combinations of cods taken Taking slot 1, it was fom 
that the mductance of coils A, B, and C were practically the same 

The results are jilotted in Fig 158 In the ciuve marked A, t] 
turns are situated in one and the same slot except foi the last poi 
(i c , twenty -fom turns), m which case, eighteen turns weie in one si 
aud SIX tuins in the adjacent one In curve B, the turns weie situab 
six in each slot, (^ e , one coil per slot), the slots being adjacent 
The obsei vations are given below in tabulated foim 


T^bie XLVIIl 


Ainpores 

Iinpedciiicc 

Mean 

ImpedancL 

Reactance 

Cycles pel 
Second 

Inductance in 
Henrys 

(J (I b LiiiPb p 
Impel e Tiun «h 
P er Inch Lengi 
of Aimatuie 


One Coil of 6 Tui as Fob^tlon oj Minumini Inductance 
Slot Ij Coil B Resistance = 0230 ohms 


15 

0793 





17 

19 

0782 

0784 

0786 

0752 

97 

0001237 


Two Coih oJ 6 Tunis 2^^^ Coil Position of Minimiun Indnctante 
Slot 1, Coils B and 0 Resistance = 048 ohms 


8 

299 





10 

290 

293 

289 

97 

000476 

11 

291 






Slot 1 

Coil B Slot 2, Coil B 

Resistance = 049 ohms 

10 

204 





13 

199 

199 

195 

96 

000322 

15 

195 






Tliiee Codb oJ 6 Tu'inspei Coil Position of Minimum Inductance 
Slot 1, Coils Aj B, and C Puesistance = 0738 ohms 


9 

5 78 

643 





11 

6 68 

607 

614 

609 

97 

0010 

13 

7 7 

593 






Slot 1, 

Coilb A and B Slot 2, Coil B Resistance 

= 0722 ohms 

13 

5 26 1 

404 





15 

6 52 

407 

412 

405 

96 

000673 

17 

7 23 

426 






13 

15 

17 


Slob 1, Coil B Slot 2, Coil B Slot 3, Coil B 


44 

338 



5 08 

339 

338 

330 

5 72 

336 




Resistance = 0722 ohms 


96 


18 1 


000548 
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Table XLYIIT — Continued 


mpei es 


Volts 1 

1 

Impedance 

1 

Mean 

Impedance 

Reactance 

Cycles per 
Second 

Inductance in 
Heniys 


C G S Lilies 
pel Ampere 
Turn and pci 
Inch Length 
of Ai matin e 


Fow Gods oj- 6 Turns pel Coil Position oj Minimum Inductance 
Slot 1, Ooils A, B, and 0 Slot 2, Coil B Resistance = 0976 ohms 


1017 

11 5 

782 

767 

772 

765 

96 

001272 

13 08 

769 






Slot 1, Coil A and B Slot 2, Coils A and B Resistance = 098 ohms 


8 

9 5 

G02 

6 97 

752 

732 

743 

736 

96 

001223 

10 5 

7 62 

746 

74 1 





Slot 1, Coils A and B Slot 2, Coil B Slot 3, Coil B Resistance = 0984 ohms 


85 

10 

5 45 

6 27 

642 

627 

626 

1 

620 1 

97 

001020 

12 

7 30 

608 






Slot 1, Coil B Slot 2, Coil B Slot 3, Coil B Slot 4, Coil B Resistance = 0984 ohms 


10 

5 25 

525 





13 

6 65 

512 

511 

501 

97 

000821 

15 

7 47 

498 






One Coil oj 6 Tunis Position oj Maximum Inductance 
Slot 1, Coil B Resistance == 0232 ohms 


15 

2 16 

144 





13 

1 89 

145 

141 

142 

101 

000224 

10 

1 1 42 

142 

1 





Tioo Coils oj 6 Till ns pei Coil Position oj Maximum Inductance 
Slot 1, Coils B and C Resistance = 0469 ohms 


10 

5 6 

56 





9 

4 94 

55 

653 

551 

100 

000877 

8 

4 4 

55 






Slot 1, Coil B 

Slot 2, Coil B Resistance = 0179 ohms 

10 

4 35 

435 





n 

4 SI 

437 

438 

136 

101 

000687 

12 

5 32 

443 






Tlhiee Goih oj 6 Tunis pei Coil Position oj Maximum Inductance 
Slot 1, Coils Aj B, and C Resistance == 0735 ohms 


15 

19 2 

1 28 





14 

13 

18 

16 6 

1 28 

1 28 

1 28 

1 28 

102 

0020 


Slot 1, Coils A and B Slot 2, Coil B Resistance = 0748 ohms 


9 1 

9 6 

1 07 



1 


10 

11 

10 7 

11 85 

1 07 

1 08 

1 07 i 

1 07 

101 1 

00169 



Exjye) ime'utcd Tests oj Inductance 




Table XLVIII — Goni%nued 


Ainpcies 

VolU 

Imped ance 

Mean 

Imxiedaiice 

Reactance 

Cycles pel 
Second 

Inductance in 
Heniys 

C 

P 

T 

Ti 

oi 

Slot I5 Coil B Slot 2 

, Coil B Slot 3, Coil B 

Resistance = 0739 ohm 

11 

9 2 

837 






12 

10 

834 

835 

830 

97 

00136 


13 

10 85 

835 










Foiii Coils of 6 Tuo ns pei Coil Position of 2Ia'\ imum Inductance 
Slot 1, Coils A, B, and C Slot 2, Coil B Resistance -= 0984 ohms 




12 

23 3 

1 94 






13 

25 3 

1 95 

1 91 

1 94 

103 

0030 


14 

27 3 

1 95 






\f f Slot 1, Coils A and B Slot 2, Colls A and B Resistance == 0992 ohm 


12 

22 4 1 

1 87 





13 

21 

1 85 

1 85 

1 85 

101 

00292 

15 

27 6 

1 84 1 






Slot Ij Coils A and B Slot 2, Coil B Slot 3, Coil B Resistance = 101 c 


13 

20 7 

159 





15 

23 6 

167 

1 57 

1 57 

101 

00247 

17 

26 5 

1 56 





Slot 1, Coil B Slot 2, Coil B 

Slot 3, Coil B Slot 4, Coil B 

Resistance = 

15 

19 6 

1 31 





16 

20 9 

1 31 

1 31 

1 31 

101 

00206 

17 

22 2 

1 31 









Eighth Experiment —These nieasui emeu ts i elated to an armat 
alternating cuiient dynamo The considerable numbei of slots, 
make the results instructive fiom the standjiomt of com 
machines Fust, the coils A A and B B of Fig 159 were c 
in senes, and the inductance was measuied at a periodicity of . 
in ihe position of minimum and maximum inductance, the 
shown in Fig. 159 being, of course, the position of maximum indue 
The values deduced from the obseivations weie — 

Position of minimum inductance 20 CCS lines pei a 

and pel inch gios 
armatuie lammatio 

„ ma\imuin inductance 35 „ „ 

Then the turns in foui adjacent slots were connected i 
and then, as shown in Fig 160, inductance was measured m the 
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mmn and maximum inductance The following lesults weie 

I — 


Position of miininum inductance 13 C GS lines pei ampeie turn 

and pel inch gioss length of 
aimatiue lamination 

,, maximum inductance 10 n a 



Gro^S deptTv lcUTLuuxXi<?ris 
HbO depihf #> S G' 




study of these tests indicates that in piojectioii ariiiatuies, it is 
ible to so proportion the slots and conductois as to obtain as small a 
20 C G- S lines per ampeie turn and per inch of gioss length of 
le lamination foi the coils in the position of minimum inductance 
the conditions confoiin appioxiinately to any paiticular case 
ig which more definite experimental data is available, this moie 
\ta should of course he employed 

e experimental data in the possession of other designers relating to 
ss with which they are accustomed to deal, may lead them to the 



CalmiJaUon of Reactaiite Voltage 


V 

use of numerical values fortius constant other than those indicated bj’- tl 
preceding tests , but it will be at once admitted that the chief value of slk 
data lies more in the relative results obtained for various machines, than 
the absolute results The method of applying the constant must ho 
equally for all types, but doubtless the most suitable value to take foi tl 
constant will vary to some extent according to the degree of divergem 
between the types. 


Illustrations op the Calculation op the Reactance Voltage 

The determination of the inductance having so important a beam 
upon the design, the method will be explained by working out sever 
cases , and when m the following sections several complete working desigi 



aie desciibed, the value of the inductance as related to the genei 
perfoiinance of the machine will be considered A.11 the following cas 
relate to chum windings 

(Jase I — In a four-pole continuous-cuirent dynamo for 200 kilowal 
output at 550 volts and a speed of 750 i evolutions per minute, the aimatu 
is built with a foul -cii cult single-winding, aiianged in 120 slots, with fo 
conductois per slot The commutator has a diameter of 20 in , and b 
240 segments 

The brushes aie 75 in thick The segments are 26 in wid 
consequently as there is one complete turn per segment, tlnee complt 
turns IS the maximum number undei going short circuit at one brush 
any instant 

Considering a gioup of adjoining conductors in the slots occupying t 
commiitating zone between two jioIg tips, six of these conductois, occiipyi 
one and one-half slots will be short-circuited, three at one set of brusl 
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and three at another, as shown diagrammatically in Fig 101 Now the 
full-load cuiient of this machine is ^^^^^ = 364 amperes, the cuirent per 


ciicuit being 


-j- = 91 ampeies 


Consequently, while any one coil is short- 


en cuited under the brush, the current of 91 amperes in one direction 
must be reduced to zero, and theie must be built up in it a curient of 
91 amperes m the other direction by the time it emerges fioni the 
position of short circuit under the brush, to join the other side of the 
ciicuit This change is at times occuiimg simultaneously in a gioup of 
SIS adjacent conductors 

A coil has an inductance of one henry when it is situated in a medium 
of such permeability, and is so dimensioned that a curient of one ampere 
sets up a magnetic flux of such magnitude that the product of the number 
of lines linked with the coil by the number of turns in the coil is equal to 
100,000,000 If the coil has but one turn, then its inductance becomes 
10~® times the numbei of lines linked by the tuin when one ampere is 
passing thiough it In the ease undei consideration, the coil is of one turn, 
but the varying flux linked with it, and hence the voltage induced in it is 
proportional not only to the rate of change of its own current, but to the 
rate of change of the currents in the adjacent turns simultaneously under- 
going commutation at different sets of brushes, and at different points of 
the smface of the same brushes In this case five other turns aie 
concerned in detei mining this varying flux, hence the voltage induced 
will be SIX times as great as if the coil had alone been under ooiim 
commutation at the moment It will not be the square of six times 
as great, since it is the voltage in the one turn that it is rec|uned to 
determine 

Had the six turns in series belonged to the one coil undergoing 
commutation, then the induced voltage would have been the square 
of SIX times as great as for a one-turn coil 


Gross length of lamination = 10 m 

Flux: set up in one turn, pei ampeie m that turn and pel inch of length of ai matin c 
lamination = 20 0 G S lines 

Hence flux of self-mductance = 10 x 20 = 200 lines 
Self-inductance = 200 x 10-^ = 0000020 henrys 

Mutual inductance of one tin n with relation to the six turns simultaneously undei <■'■0111 o- 
commutation = 6 x 0000020 = 000012 hemys “ 

Circumfeience of commutator = 20x7r = 62Sin 



Calc'iilatioii of Beactavce Voltage 


i: 


Revolutions pei second = 750 -> 60 = 125 

Pei ipheial speed of commutatoi = 62 8 x 12 5 = 7S5 in pet second 
Thickness of ladial caibon buish = 75 in 

7 5 

Oiuient IS completely re\ ersed m = 00095 seconds, which is the time of comp] 

/ bo 

tion of a half cycle Consequently, the icveisal occuis at an aveiaoje late of ^ 

° 2 X QOOi 

= 530 cycles pei second 

We are now prepared to obtain the reactance of the turn, and shal 
for want of a better, make the — m this case — very unwarranted assume 
tioii of a sine wave rate of vaiiation 

Reactance = 2 x tt x 530 x 000012 = OtO ohms 
Reactance voltage = Dl x 0-10 = 36 \olts 


This IS the voltage estimated to be induced in the turn durin 
the piocess of commutation In each of the other five turns independent! 
undergoing eomniutation under other sets of brushes, and under othe 
paits of the bearing suiface of the same set of biushes, there is als 
an induced voltage of 3 5 volts 

In this design, the factors most concerned in the jnocess of cominutE 
tioii aie the following 


Reactance voltage of slioit ciicuited coil 
Inductance pei commutatoi segment 
Aimatuie ampeie turns pei pole-piece 
Cm lent pei aimatuie circuit 
A\eiage voltage per commutatoi segment 


3 6 volts 
000012 heiiiys 
5500 ampeie turns 
91 ampeies 
9 2 \olts 


Case II — A six-pole contiiiuous-cuirent dynamo has a rated outiiii 
of 200 kilowatts at GOO revolutions per minute and 500 volts 

The aimatuie has a six-cireiut winding, ai ranged in 126 slot; 
with eight conductors pei slot The commutatoi has 252 segment; 
There aie two turns in senes pci segment The diameter of the cummutf 
tor IS 20 m and the width of a segment is 24 in The thickness c 
the ladial beaimg carbon brushes is 63 in, cou&ec[uently the maximui 
numbei of coils short-circuited at any time at one set of brushes i 
three Hence 3x2x2 = 12 conductois grouped together in th 
neutial zone between two pole tips, and occupying one and oiie-hal 
slots, aie simultaneously undergoing conmiutation, that is, six conductor 
at one set of biushes and the other six at the next set 


Grioss length of lamination = 9 in 
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Flux set up m 12 tuius by 1 ampere iii those turns, and with 
9 in length of armature lamination = 12 x 20 x 9 = 2160 C GS lines 
Mutual inductance of one coil (two turns) with relation to the six coils 
simultaneously undergoing commutation = 21 GO x 10~® x 2 = 0000432 
heiiiys 


Oil cumfei ence of commutoitoi = G2 8 lu 
Revolutions pei second = 600 — 60 = 10 

Peiiplieial speed commutatoi = 62 8 x 10 = 628 in pei second 
Thickness of ladial beauiig caibon biusli = 6 3 m 


Ciiiient completely levelled in = 0010 seconds 


1 


Aveia^e late of reveisal = 

° 2 X 0010 

Reactance = 2 x tt x 500 x 0000132 = 136 ohms 

200,000 


Amperes pei aiinatuie ciicint = 


500 X 6 


500 cycles pei secumi 
iG ohms 
66 7 anipeics 


Reactance \ oltage = 667 x 136 = 91 volts 


(This, of course, is an undesuably higli figuie, and Avould only be 
permissible in connection with especially good constants in other lespoets ) 


Reactance voltage of shoit-ciiciuted coil 
Inductance pei commutatoi segment 
At mature ampeie tuins per pole-piece 
Cunent pei armatuie ciicuit 
Aveiage voltage pei commutatoi segment 


9 1 volts 
0000 1 3 Ik niyb 
7)600 ampcK tunis 
67 ainpoK s 
12 volts 


Case III — A 10-pole lightning geneiatoi has a lated output of 300 
kiloAvatts at 125 volts and 100 revolutions per minute It has a 1 0-i lu iiit, 
single-winding, aiianged, four conductois pei slot, m 180 slots TJm 
commutator has 360 segments, one segment pei tuin Diametci ol 
commutator is 52 in , and the width of a segment is 45 in 

The thickness of the ladial beaiing carbon brushes is 1 m , and tlie 
niaxiinuni numbei of cods shoit-ciicuited at any tune at one set of bruslios 
IS thiee Hence six conductois, gioupcd togethei at the nciitial zone 
between any two pole tips, aie concoiiicd simultaneously in tbc 
commutating process 

Gloss length of lamination = 17 6 in 

Flux set up in six turns by one ampere in each of them, and with 
17 6 m length of aimatme lamination = 6x 20 x 17 6 = 2,110 CGS lines 
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Fijteea-Haudied Kbloavitt Railiray Ge'aeiatur 

Mutual inductance of one coil of one turn, with relation to the &ix 
oils sumiltaaoou,sly undergoing coiumutatioii = 2,110 x 10“® x 1 = 0000211 
henrys 

Cii cumfeieiice of commiitatoi = 52 X TT = 164 in 
Revolutions pel second = 100 - GO = 1 67 levolutions 
Peiiplieial speed cominutatoi = IGi x 1 67 = 274 ni pei second 
Thickness of ladial beaiing caiboii biusli = 1 in 

Cimeiit completely leieised m -i- = 00365 seconds 

2/4 

Aveiage late of leveisal = \ =-137 cycles pei second 

2 X 00365 ^ ^ 

Reactance = 2 x tt x 137 x 0000211 = 018 ohms 
Rated full load cm i cut output = = 2400 amperes 

Curient pei ai mature condiictoi = 240 ampeies 

Reactance voltage = 240 x 018 = 1 3 volts 


Reactance \ oltage of shoi t cii cuited coil 
Inductance pei commutator segment 
Aimatuie ampeie tin ns pei pole-piece 
Cuuent pei aimatuie ciicuit 
Aveiage v^oltage pei commutatoi segment 


4 3 volts 
000021 heiiiys 
8600 ampeie turns 
240 ampeies 
3 5 volts 


Modern Constant Potential Cojimutating Dynamos 

Direct-Connected, 12-Pole, 1,500-Kilotvatt, QOO-Volt Railway Generato'i 
Speed = 75 Revolutions per Minute — This machine is remarkable m that, 
at the time it was designed no commutating dynamo of more than a 
fiaction of its capacitor had been constructed Owing to the gieat weight 
of the vaiious paits, and the shoit time m which the machine had to 
he constiucted, it was assembled and tested foi the fiibt time at the 
Columbian Exposition 

It was found that the machine complied with the specification in 
all paiticulais as to heating, and that sparking did not occur between the 
limits of no load and 50 per cent oveiload klention is made of this, since 
this was the fiist of the modern traction geneiatoib developed m the 
United States , and the constants of this machine, Avhich were novel at 
that tune, have since become common in the best practice m designing 
Perhaps the most lemaikable feature of this machine is the range of load 
at which spaikless commutation occuis, and the gieat magnetic stiengtli 
of the ai mature as compared with that of the field-magnets This result 
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Electric Geueuitois 


■was accomplislied, first, by comparatively low inductance of the armatuie 
coils secondly, high magnetisation m the armature pi ejections, which 
to some extent keeps do'wn distortion of the magnetic field , and, thiidly, 
by the ovei -compounding of the machines to suit laihvay piactico that 
is, no load volts of 550 and full load volts of 600 The meieasc 
of magnetisation coiiespondmg to this increase of voltage is a condition 
favourable to spaikless commutation, and it wnll be noted fioin the 
particulais given of the machine, that the magnetising foice of the scries 
coil at full load is approximately equal to that of the shunt coil at 
no load 

Drawings aie given, Digs 162 to 166, shoAvmg the constiuction, 
and m Digs 167 and 168 aie given satuiation and compounding cuivcs foi 
this machine The following specification sets forth the constants of the 
machine and the steps m the calculations 

Specification op 12-Pole, I.SOO-Kilowatt, GOO-Volt Gbneratok, rou Spied or 
75 Retolltions pee Minute 


jSTumbei of poles 

12 

Kilowatts 

1500 

Kevolutions pci mmute 

75 

Fi equency in cycles pei second 

7 5 

Teiminal volts, no load 

550 

,, ,, full load 

GOO 

Ampeies, full load 

2500 

Dimentsions 


jh incitu'ie 


Diametei ovei all 

12G in 

Length ovei conductois 


Dianietei at bottom of slots 

Ull „ 

Intel nal diametei of coie 

lOdf „ 

Length of coie o\ei all 


Edecti^e length, magnetic non 

2G S 

Pitch at sui face 

33 in 

Insulation between sheets 

10 pei cent 

Thickness of sheets 

01 1 111 

Depth of slot 

0 1 

M 5J 

Width of slot at loot 

1 1 

1 U 

,, j, suiface 

S 53 

Number of slots 

31S 

Minimum width of tooth 

412 in 

Width of tooth at ai mature face 

7G3 „ 

,, coiidiictoi 

•i 3 3 

Depth of ,, 

.3 

1 33 
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Nuuibei of ventilating ducts 
AViclth of each ^entl]atlng duct 
Etlective length of coie — total length 

Mnyupt Cote 

Lf-ngth of pole face 
Length of pole aic 
Pole «nc — pitch 

Thickness of pole-piece at edge of coie 

Radial length of magnet coie 

Width of magnet coi e 

Thickness of magnet coie 

Diametei of boie of bold 

Depth of an gap 

Spool 

Length over flanges 
,, of winding space 
Depth „ „ 

Yole 

Outside diametei 
Inside ,, 

Thickness, body 
Length along aimatuie 

Gommutatoi 

Diametei 

ISTumbei of segments 

„ ,, pel slot 

AVidth of segment at coinmutatoi face 
„ „ loot 

Depth of segment 
Thickness of mica insulation 
Aiailable length of suiface of segment 
Cioss-section of commutatoi leads 

Bi uslies 

Number of sets 
Niimbei in one set 
Width 
Thickness 

Area of contact of one biush 
Type of biush 


8 

795 


', 3-1 

7(1 


in 

jj 


73 


I r 
18 
14 
30 

7 

TTT 


in 

JJ 
JJ 
j j 
JJ 
JJ 


\il 111 
IG; „ 


190^ in and 180’, in 
1G8 in 

G 1 „ 

36 „ 


SGJ „ 
696 


312 in 


313 „ 

3 „ 

OG „ 

10 ' „ 

130 scpiai e inches 


12 
6 
2 5 
75 
1 875 

Radial cailion 


Aimatuie coie 
„ spidei 
Conductois 


Materials 


Sheet non 
Cast non 
Coppei 
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Electric Ge)ievators 


Commutator segments 
„ leads 
Spiclei 
Pole piece 
Yoke 

Magnet coie 
Brushes 


Coppei 

Geimaii silvei 
Cast lion 
Cast steel 

f } 

Carbon 


Technical Data 


Aimatuie, no load voltage 
Numbei of tace coiiductois 
Conductois pei slot 
Numbei of ciiciuts 
Style of winding 
Gramme img oi dium 
Type construction of winding 

Mean length one aimatuie tuin 
Total ai matu i e tui us 
Turns m senes between blushes 
Length between biushes 
Cross-section, one aimatuie conductoi 
Ohms pel cubic inch at 20 deg cent 
Besistance between biusbes at 20 deg Cent 
), „ 60 „ 

Yolts chop in aimatuie at 60 deg Cent 
,, blush contact 

,5 senes winding 

Teiminal voltage, tull load 
Total internal voltage, full load 
Ampeies pei squaie inch in aimatuie winding 

,, ,, commutatoi connections 

GomnnUation 

Aveiage voltage between commutatoi segments 

Aimatuie turns pei pole 

Ampeies pei turn 

Armatuie ampeie turns pei pole 

Segments lead of biushes 

Percentage lead of biushes 

,, demagnetizing ampeie tiuns 

„ distoiting ampeie turns 

Demagnetizing ampeie turns pei pole 
Distoitmg ,, ,, 

Fiequency of commutation (cycles pei second) 

Number of coils simultaneously slioit-ciiciuted pex biush 
Turns pel coil 

Niinibei of conductois per gioup simultaneously undei going 
commutation 


^)50 

1392 

4 

12 

Single 

Diiim 

Evolute end 
connections 
176 in 
696 
58 

10,200 in 
161 

00000068 ohms 
013 „ 
050 „ 

10 3 
2 5 


1 9 
GOO 
620 
1290 
1200 


10 3 
58 
208 
12,100 
6 -? 
10 8 
21 6 
78 4 
2610 
9490 
227 
2 
1 

1 
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Elect) 'ic Gene / 'ato t 's 


Flux pel ampere tuin pei inch length aiinatuie lamination 20 (assumed) 

Flux linked ^\ltil foui turns — 3G 7 x 20 x 4 2700 

Inductance in one tuin constituting one coil, in heniys = 

1 X 2700 X lO-® 000027 

Reactance shoi t-ciicuited tmii 0385 ohms 

Reactance volteige = 0385 x 20S 8 0 volts 


In operating tlie&e machines, the biii&hes are set at a constant lead 
of 6|- segments foi all loads, and the output may temporal dy exceed the 
full load rated output by 50 per cent 


Magnetic Data 


Coefficient of magnetic leakage 115 

Megalines enteimg aimatuie pei pole-piece at no load and 

550 volts 31 G 

Megalines enteimg ai mature pei pole-piece at full load and 

620 lutei volts 35 6 


jU matu'i e 
Section 

Length (magnetic) 

Density at no load 
,j at full load 

Ampeie turns per inch length no load 
j, ,, full load 

Ampeie tuins, no load 
5 j full load 

Teeth 

Tiansiaitting flux fioin one pole-piecc 

Section at loots 

Length 

Appaicnt density at no load 
,5 3 , full load 

Collected density at no load 
,5 „ lull load 

Ampeie turns pei inch length, no load 
}, ,, full load 

Ampere turns no load 
„ full load 

Gap 

Section at pole face 
Length gap 

Density at pole face, no load 
,, full load 

Ampeie turns, no load 
„ full load 


241 squaie inches 
19 in 
6G kilols 
74 ,3 

15 
18 
290 
340 


24 

2G4 squaie inches 
2 125 in 
120 kilols 
135 „ 

IIG „ 

12G „ 

1800 


1400 

1700 

3000 


820 squaie inches 
43 in 
39 kilols 
44 „ 

5300 

COOO 



187 


Fifteen-Hundred Kilowatt Railway Generator 


Magnet Goie 
vSeclion 

Length (magnetic) 

Density, no load 
,, full load 

Ampere turns pei inch length, no load 
,, „ full load 

Ampeie turns, no load 
,, full load 

Magnet Yoke 
Section 

Length pei pole 
Density, no load 
,, full load 

Ampeie turns pci inch length, no load 
,, ,, full load 

Ampeie turns, no load 
,, full load 


420 square inches 
20 in 
87 kilols 
98 „ 

67 

160 

1350 

3200 


225 square inches 
27 m 
81 kilols 
91 „ 

49 

110 

1320 

3000 


Ampere Turns per .Spool 




No Load and 

No Load and 



550 Volts 

620 Liteinal Volts 

Ai mature coie 


290 

310 

„ teeth 


1700 

3000 

All gap 


5300 

6000 

Magnet core 


1350 

3200 

Yoke 


1320 

3000 



9960 

15,540 

Demagnetising ampere 

turns 

pel pole-piece at full load 

2600 

Allowance foi in ci ease 

in density thiough distoition 

1000 

Total ampeie tin ns at full 

load of 2500 amperes and 600 


terminal \olts 



19,140 


If the field rheo&tat i6> feo adjubted that the bhunt winding bhall buiiply 
the 9,960 ampere turns necessary foi the 550 \olts at no load, then, when 
the terminal voltage has usen to COO volts at full load, the shunt winding 

will be supplying — x 9,960 = 10,840 ampeie turns The senes winding 

must, at full load, fetipply the leiiiainiug excitation, i q , 19,140 10,840 = 

8,300 ampeie turns The armatuie has 1,392 face conductois, hence the 
ai matin e strength expressed in ampere turns per pole-piece is, at full load 
current of 2,500 aiiipeies (208 amperes per ciicuit) 

X 208 = 12,100 ampeie turns pel pole-piece, on ai matin e 

2 x'l2 
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Calculation or Spool Windings 

Mean length of one shunt turn 
Ampeie turns pei shunt spool at full load 
Ainpeie feet 

Radiating sin face one shunt spool 
Penult 36 watts pei squaie inch at 20 deg Cent 
Then shunt w^atts pei spool <at 20 deg Cent 
And ,, „ 60 ,, 


Pounds coppei pei coil = 


31 X 92- 
405 


- 650 lb 


8 5 ft 

10,840 

92,000 

1130 square inches 

405 

468 


A margin of 16 6 per cent in the shunt rheostat when coils are hot 
leaves 83 per cent of the available 600 volts, or 500 volts, at the terminals 




of field spools This is equivalent to 432 volts, oi 36 volts per spool, 
when spools have a temperature of 20 deg Cent 


Hence lequiie^^ = 11 3 ampeies in shunt coils 

rn 1^1 10,800 

ruins pel shunt spool = — I 

113 

Length of 960 turns 
Pounds pel 1000 feet 

Ho 6 B and S gauge weighs 79 5 lb pei 1000 feet 
Baie diametei = 1G2 in DOCD = 174 inch 
Cl OSS section = 0206 squaie inch 
Cunent density = 546 ampeies pei squaie inch 
Length of the poition of winding space availalDle foi shunt 
coil = 90 inches 
Depth of winding, 3 9 inches 


960 

8150 ft 
79 8 


Se') les Winding — The senes winding is requiied to supply 8,300 
ampeie turns at full load With 4 5 turns per spool, the full load cuirent 
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F}ftPen-Hviid)'oA Kihivatt Fmhvay Gpne'iatov 

will give 2,500 X 4 5 = 11,250 ampere turns Consequently, 650 amperes 
must be diverted through the diverter iheostat, leaving 1,850 amperes 
in the series winding, giving 8,300 ampere turns 

The 4 5 turns consist of ten hands in parallel, each 7 in wide by 
■j-V in thick 


Cl OSS section conductois 

4 375 square inches 

Cuiient density 

424 amperes pei sq in 

Eesistanco of 12 spools at 20 deg Cent 

000855 ohms 

Series 0- R at 20 deg Cent pei spool 

244 -watts 

1 ) 51 55 

282 „ 

Weight senes coppei per spool 

650 lb 

Estimated Core Loss 


Total weight ai matin o laminations 

26,000 lb 

Cycles pel second 

7 5 

Kilolines density in coie 

74 

Cycles X Density 

FIR 

1^“ 


Coiiesponding ^\att coie loss pei pound 

9 

Total estimated coie loss 

23,400 M'-atts 

Thermal 0ALCULATIO^s 


Armatui e 


C- R loss at 60 deg Cent 

25,850 watts 

Coie loss (estimated \alue) 

23,400 „ 

Total ai matin e loss 

49,250 „ 

Peiipheial ladiating sin face aiinatuie 

19,100 squaie inches 

Watts pei squaie inch ladiating suiface armatiiie 

2 6 watts 

Peiipheial speed annatuie, feet pei minute 

2480 

Rise in tempeiatme at 15 deg Cent , rise pei watt pei squaie 


inch 

39 deg Cent 

Spool 


Total C- R loss at 6U deg Cent , per spool 

750 watts 

Peii[)heiai ladiatmg suiface one spool 

2080 squaie inches 

AVatts pei squaie inch of ladiating surface, ^^alm 

41 watts 

At 80 deg Cent use pei Matt pei square inch, use in 


tempeiatme ot field spool is 

33 deg Cent 

Commtbtato) 


Aiea healing suiface all positi\e biushes 

67 5 squaie inches 

Ampeies pei square inch of biusli beaiing surface 

37 ampeies 

Ohms pei squaie inch beanng suiface of caibon blushes 

03 ohm 

Blush lesistance, positive H- ntgatne 

00089 ohm 

Volts drop at biush contacts 

2 22 volts 

0~ R at blush contacts 

5550 watts 

Blush pi essuie 

1 25 lb 
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Coefficient of friction 

Peripheral speed of coinnnitatoi in feet pei minute 
Brush fiiction 

Stiay powei lost in commiitatoi 
Total commutator loss 
Radiating siiiface commiitatoi 
Watts pei square inch of ladiating siiiface 
Rise in tempeiatiiie at 20 deg Cent rise pei A\att pei squaio 
inch 


3 

1700 

1040 watts 
750 „ 

73 JO „ 

5100 sqiiaio inches 
1 3G watts 

27 deg Cent 


Efficiency Calculations 


Output at full load 

1,500,000 

Coie loss (estimated) 

23,100 

C- R aiinatiue at 60 deg Cent 

25,850 

Oommutatoi and bi iish loss 

5,550 

Shunt spools 0- R at 60 deg Cent 

5,(>50 

,, iheostat „ ,, 

1,130 

Senes spools - C- R at 60 d( g Of nt 

3,380 

,, ilieostat j, ,, 

1,11)0 

Total input 

1,566,150 

Coinmcicial efficiency at full load and 60 deg Cent = 2 

Weights (Pounds) 

f maiine 

15 7 jici cent 

]\[agnetic coie 

21,000 

Teeth 

2,120 

Coppei 

6,360 

Commutatoij segments 

3,100 

Twehe magnet coies and pole-pieces 

30,000 

Yoke 

o 
o 
^ o 

T\\elYe shunt coils 

7,8U0 

j, senes coils 

7,800 

Total spool coppei 

15,600 


b-PoLB 200-Kilowatt Eailway Giineuatok 

Figs 169 to 183 leJate to a hix pole railway geueratoi Ibi an oiit[)ut 
of 200 kilowatts (500 volts and 400 auipcies) at a speed of 135 levolultons 
pel minute The constants of this machine are set forth lu tlic following 
specification, which also exhibits the steps m the calculation 

Numbei ol poles 
Kllo^\atts 

Revolutions pei minute I 

Fiequency m cycles per second 

Terminal volts ‘ 

A 500 

Amperes 
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Electric GeneratOiS 


Dimensions 

A'i iiiatu'i e 

Diametei ovei all 
Length ovei conductois 
Diaraetei at bottom of slots 
Internal diametei of coie 
Length of core ovei all 
Effective length, magnetic non 
Pitch at surface 
Insulation between sheets 
Thickness of sheets 
Deptli of slot 
Width of slot at loot 

,, at suifaee 
Niimbei of slots 
Minimum width of tooth 
Width of tooth at ai mature face 
„ conductor 
Depth of conductoi 
Numbei of ^ entilating ducts 
Width of each ventilating duct 
Efficient length of coie — total length 

Magnet Cote 

Length of pole face 
Length of pole aic 
Pole arc -> pitch 

Thickness of pole-piece at edge of coie 
Radial length magnet coie 
Diameter of magnet coie 
Boie of held (diametei) 

Depth of an gap 


S])ool 

Length ovei flanges 
Length of w inding space 
Depth of inding space 

Yoke 


Outside diametei 
Inside diametei 
Thickness 

Length along aimatuie 
CommukUot 
Diametei 

Number of segments 

„ segments per slot 
Width of segment at commutatoi face 
„ segment at root 


59} in 
3G| ,, 

% „ 

381 

11! „ 

0 9 „ 

31 1 „ 

10 pel cent 
025 m 

IS » 

41G „ 

IIG „ 

220 
38 1 in 
129 „ 

057 „ 

058 „ 

5 

jiy in and ^ in 
70 


13 m 
23 1 
71 

i;\rm 

nj „ 

50 0 „ 

. 3.5 


151 


n 

?) 

JJ 


112] in and lOGl ni 
9G] in 

8 in and 5 m 
171 in 


410 

o 

210 III 
210 „ 
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Electric Generators 


Dimensions — continued 

Thickness of mica insulation 
Available length of suiface of segment 
Cross-section commutator leads 

B'iuslies 

Number of sets 
In one set 
Length (ladial) 

Width 

Thickness 

Aiea of contact (one brush) 

Type of brush 


04 in 

n „ 

01 squaie inch 


6 

3 

2 in 


1 00 squaie inch 
Radial carbon 



Aimatuie coie 
„ spider 
Conductois 
Commutator segments 
j, leads 

„ spidei 

Pole-piece 
Yoke 

Magnet coie 
Blushes 


Matfri vls 


Sheet Steel 
Cast iron 
Coppei 

j) 

Rheotan 
Cast-lion 
Cast steel 


55 

Carbon 
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Technical Data 

Aimatuie, no load voltage 

Number face conductors 

Conductois per slot 

Number circuits 

Style winding 

Gramme ring or drum 

Type construction of winding 

Mean length, one armatuie turn 

Total armatui e turns 

Turns in series between brushes 

Length between brushes 

Cross-section, one aimatuie conductor 


500 

1760 

8 

6 

Single 

Dium 

Bai 1 el-wound 
107 m 
880 
147 

15,700 in 

0375 square inches 



Ohms per cubic inch at 20 deg Cent 
Uesistance between blushes at 20 deg Cent 

}j jj 60 „ ,, 

Volts drop 111 ai mature at 60 deg Cent 
» m blushes and contacts 
Total inteinal loltage, full load 
Amperes pei squaie inch in armatuie winding 

commutatoi connection 

( 'manintation 

X\ erage voltage between commutatoi segments 

Aimature tuins pci pole 

Ampeies pei turn 

Aimature ampere tuins per pole 

Segments lead of brushes 

Peicentage lead of blushes 

5, demagnetising ampeie turns 

jj distoitirig ampeie tuins 

Demagnetising ampere turns pei pole 
Diiitoiting ampeie tuins pei pole 


00000068 
048 ohms 
055 „ 

22 volts 

525 „ 

17S0 
6670 


6 8 
147 
66 7 
9800 
7 
9 6 
19 2 
SOS 
1880 
7920 



Tti'o-H'iuidred Kilomnft Rndway Generator 


frequency of commutation (cycles pei second) 

ISTumber of coils simultaneously short-ciicuited pei biiish 
Turns per coil 

Nurabei of conductors pei gioup simultaneously undei going 
commutation 

Flux pei ampeie tuin pei inch length airaatiiie lamination 
„ linked with 12 turns with one ampeie in those turns = 
14 25 X 20 X 12 

Inductance of two turns constituting one coil = 2 x 3420 x 

io-« 

Reactance short ciicuited coil 

„ voltage shoit-ciicuited coil = 


275 

3 

9 


12 

20 (assumed 

3420 lines 

00006S lienr 
IIS ohms 
7 85 volts 


The amount and distribution of the magnetomotive foice ma'' 
loughly estimated as follows 


Megahnes entering armature per pole-piece, no load 
,, „ ,, full load 


Ooefficient of magnetic leakage 
Megahnes in magnet frame, pei pole-piece, no load 
,, ,, ,, full load 


A) maim e 
Section 

Length, magnetic 
Density, no load 
„ full load 

Ampeie turns pei inch length, no load 
,, ,, full load 


no load 
full load 


Teeth 

Tiansmittrng flux fiom one pole piece 

Section at roots 

Length 

A 2 Dpaient densitj*', no load 
,, ,, full load 

Collected density, no load 
,, ,, full load 

Ampeie turns per inch length, no load 
„ ,, full load 

,, no load 

,, full load 

Ga]) 

Section at pole face 
Length gap 

Density at jiole face, no load 
„ „ full load 

Amjieie turns, no load 
„ full load 


12 6 

13 3 
1 15 

14 5 

15 3 


174 squaie me 
15 in 

72 kilolmes 
76 ,, 

22 

26 

330 

390 


29 

110 squaie incl 
1 6 in 

115 kilolmes 

3 J 
53 
33 

350 
500 
560 
800 


121 

113 

118 


300 squaie iiicl 
33 in 

42 kilolmes 
45 „ 

4500 

4800 



Electric Oeneratovs 


gnet Coie 
Section 

Length (magnetic) 

Density, no load 
„ full load 

Ampere turns per inch length, no load 
,, ,, full load 

,, no load 

,3 full load 

cgnet Yoke 
Section 

Length pei pole 
Density, no load 
„ full load 

Ampere turns pei inch length, no load 
,, 3 j full load 

,, no load 

,, full load 


159 squaie inches 
1 6 4 111 
91 kilolmes 
96 „ 

80 

100 

1320 

1640 


220 square inches 
27 „ 

66 kilolmes 
70 „ 

34 

40 

920 

1080 


Ampere Turns per Spool 


Annatuie coie 
,, teeth 

Gap 

IMagnet coie 
» yote 


No Load and 
500 Volts 

330 

560 

4500 

1320 

920 


No Load and 525 Intel nal 
Volta, Coiiespoiiding 
to a F nil Load Tei imnal 
Voltage of 500 

390 

800 

4800 

1640 

1080 


7630 

Demagnetising ampere turns per pole, at full load 
Allowance foi inciease in density thiough distortion 


8710 

1880 

400 


Total ampeie turns at full load and 500 teiminal volts 10,990 


lunt 


Calculation or Spool Windings 


Mean length one shunt tinn = 50 in = 4 16 ft 
Ampeie turns pei spool = 7630 

„ feet = 7630 x 4 25 = 31,800 
Radiating suiface one held spool = 870 squaie inches 
Peimit 35 watts per squaie inch at 20 deg Cent 
35 X 870 = 305 watts pei spool 

Shunt watts per spool y 305 = 212 watts 

j. Uj J u 

,, copper pel spool = 

^ /ampeie feet\2 

1000 ) ^ 31 X 1010 


watts 


21^ 


148 lb 



Two-Hu)bch'ed Kilowatt Railway Generator 
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Of the 500 volts available for excitation, should plan to make use 
of 90 per cent , or 450 volts at 60 deg Cent , or 390 volts at 20 deg 
390 

Cent. This is = 65 volts per spool at 20 deg Cent Hence 

212 ~ 65 = 3 25 ampeies 


Consequently tuins pei shunt spool = = 2350 tuins 

Length of 2350 turns = 2350 x 4 16 = 9800 ft 

Pounds per 1000 ft = 15 2 No 13 B and S has 15 7 lb per 1000 ft, and has a 
diameter of 072 in bare, and 082 in double cotton coveied 
This should be wound iii 14 layeis of 168 turns each Cioss-section No 13 = 
00407 squaie inch 

Hence cuirent density in shunt winding = 800 ampeies pei squaie inch 


Senes Winding — This must supply 10,990 7630 = 3360 ainpeie 

turns at full load of 400 ampeies, of which 70 amperes should be earned 
through a diverting shunt, leaving 330 amperes for the senes coils 
Hence there must be 10 turns per spool 

Mean length senes turn = 53 in 

Total length ten turns = 530 in 

Senes C“ H pei spool = 93 watts pei spool 

Hence lesistance pei spool = 93 — 330“ — 00085 ohms 

Coppei cross-section == 425 squaie inch 

Senes winding pei spool may consist of two coils of flat stiip coppei 7 in wide and 
06 in thick, wound five turns pei coil Weight senes copper one spool = 
70 lb 

Cuiient density in senes winding = 770 ampeies pei squaie inch 


Thermal Calculaiions 


A'i matu'i e 

C“R loss at 60 deg Gent 8800 watts 
Coie loss (observed value) 2760 watts 
Total aimatuie loss 11,560 w^atts 

Obsei\ed incieased teinperatuie by increased lesistance of armatuie winding — 
63 deg Cent 

Pei iphcial radiating sui face aimatuie = 6800 squaie inches 
Watts pel squaie inch aimatuie ladiatmg surface = 1 70 

Incieased teiupeiature pei w^att pei squaie inch armature radiating suiface = 
37 deg Cent , as determined fiom lesistance nieasuiements 
Peripheral speed armature (feet pei minute) = 2030 
Incieased tempeiatuie of aimatuie by the'i mometei = 30 deg Cent 
Ditto, per squaie inch peiiplieial ladiatmg suiface = 1/ ^ deg Cent 


1 


1 OP 


P 
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Electric Geaerciturs 


Spool 

Total loss at 60 deg Oent , pei spool, == 353 watts 

Observed inci eased temp eiatuie by inci eased lesistance of winding = 45 deg Oent 
Peripheial ladiating surface, one spool = 870 sqiiaie inches 
Watts pel square inch spool radiating surface = 405 

Increased temperatuie per watt pei square inch spool radiating surface = 111 deg 
Cent , as detei mined from resistance measurements 
By theimometei the observed increase in temperatuie of spool was only 16 deg Oent 


Comvtiiiatoi 

Aiea of all positive brushes 9 0 square inch 

Amperes pei square inch, brush'beanng surface 44 5 

Ohms pel square inch beaimg surface, carbon brushes 03 

Biush resistance, positive + negative 0067 ohms 

Volts drop at brush contacts 2 7 

0“ R as blush contacts (watts) 1070 

Brush piessLiie, pounds pei square inch 1 25 

Total brush piessuie, pounds 22 5 

Coefiicient of fiiction 3 

Peiqrheral speed commutatoi, feet pei minute 1330 

Brush fiiction, watts 270 

Stray power lost in commutator, watts 200 

Total commutatoi loss, w^atts 1540 

Radiating surface, squaie inches SOO 

Watts pei squaie inch radiating suiface 1 92 

Observed use temperature 36 deg Cent 

Increased temperatuie pei watt pei square mcli radiating 

suiface 19 deg Cent 


With further reference to the temperature measurements, the machine 
on which the inciease of temperatuie was observed, had been run at full 
load for nine houis, and had probably about leached its maximum 
temperature The spool windings were equivalent to, but not identical 
with, those described in this specification In all other respects, the 
construction was substantially that described 


Epficienc\ Calculations 

Watts 


Output at full load 

200,000 

Coie loss 

2,760 

Commutatoi and brush loss . 

1,540 

Armature C- R loss at 60 deg Oent 

8,800 

Shunt spools - C^ R loss at 60 deg Cent 

1,470 

,, rheostat - C" R loss at 60 deg Cent 

ISO 

Series spools - 0^ R loss at 60 deg Oent 

640 

„ rheostat (diverter) 0“ R loss at 60 deg Cent 

130 

Total output 

215,520 
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Weights (Pounds) 

Armntiite 


Coie magnetic 

3,600 

Teetli 

400 

Spulei 

1 , G 00 

Copppi 

1,150 

Commntato) 

Segments 

450 

Complete without sliaft 

12,000 

F) ame 

Si^: pole-pieces 

750 

Six magnet coies 

4,100 

Yoke 

11,000 

Fidd Wxndiiigs 

Six: shunt coils 

890 

Si\ senes coils 

420 

Total spool coppei 

1,310 

Otliei paits 

3,800 

IMacliine complete Mith hase plate 

33,000 


The rc&ults of tests of this machine aie given in the curves of Figs 
184 to 188, relating respectively to saturation, compounding, core loss, 
efficiency, and gap distribution 


10-PoLB 300 -Kiloivatt Lighting Generator, 

A ten pole lighting geneiator, de, signed by Mi A H Mooie, and built 
in 1897 by the Union Elektiicitats-Gesellschaft, of Beilin, is illustiatecl in 
Figs 189 to 20G Its rated output is 300 kilowatts at 125 volts ond 

2,400 ampeies, and at a speed of 100 i evolutions per minute In 

7 Q'jlr '*!0 Figs 190 to 193 aie given cuives of thus machine deiived fiom the 

lesults of tests and covering the .subjects of satination, coie loss, com- 
pounding, and efficiency The most interesting featuie of this de.mgii is 
that caibon hi ashes are used, notwithstanding the low tension and heavy 
cm lent 

In this instance the coiiiniutator is ciovded considerably, and, as will 
be seen in the following specitication, the tempeiatiue use at the 
comniutatoi ivas laigely in excess of that at otliei parts of the machine 
Mr Moore has modified the dc.sign in this lespect liy lengtheiiiiig the 
coiiiniutator segments about 25 per cent 

2 » 
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Elecfo ic Generators 




UMPEHCS OUTPUT 


B^188 


SIX POLE, :?OQ KW soo VOLT 
GENERATOR FORt35RPM 


Curves oTPatrenCiel distnbucion at nohad&slfuUhajdSODvaftS 
between brushes inboth cases Speed-^SOrprntnocracecf speeU} 




SJX PdLE BOO K W SOO VOLT 
QENIERATOR F0RI3SRPM 

Efficiency and Losses 





Tliree-Iiuiidycd Kilowatt Lighting Geneiator 
The calculations are airanged below in the form of a sj^ecification 


Numbei of poles 

10 

Kilowatts 

300 

Revolutions pei minute 

100 

Eiequency in c}cle^ pei second 

8 33 

Teimuial volts, no load 

no 

„ ,, full load 

125 

Ampeies, full load 

2100 


Dimunsions 

A'imatuie 

Diametei over all 
Length ovei concluctois 
Diametei at bottom of slots 
Internal diametei of coie 
Length of eoie o\ei all 
EdeeUve length, inagnctie non 
Pitch at suiface 

Pei cent insulation between sheets 
Thickness of sheets 
Depth of blot 
Width of slot at lOot 
,, ,, suiface 

Numbei of slots 
JMiiiimum iclth of tooth 
Width of tooth at «ai matin e face 
,, coiuluctoi 
Depth of coiiductoi 
JSTumbei ot v^entilating ducts 
Width of each ventilating duct 
Ellectiie length of coie — total length 

Magnet Co'ie 

Length of pole-face 
Length of pole arc (aveiage) 

Poleaic — pitch 

Thickness of pole-piece at edge of coie 
Kadial length of magnet coie 
Diametei ot magnet coie 
Boie of held (diametei) 

Depth of ail gap 


Spool 

Length ovei hanges 
Length of winding space 
De^Dtli of wmcling space 


65}- in 

01} „ 
m „ 


1:^7 „ 

lU 

035 in 
P 

59 ,, 

59 3 , 

180 
178 in 
530 „ 
197 „ 
650 „ 
7 

I in 


16 m 


133 „ 
65 


li 

13 

65:1 

3 


in 

33 

33 

33 

33 


12J m 
111 .> 
31 „ 



^c^b/ 
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Till ee-Hundi ed Kilowatt Lighting 

Generator 20f 

Yoke 

OiitsLcle diametei 

111 in and 105 lu 

Inside cliametei 

97 m 

Thickness 

7 in and I in 

Length calong aiinatuie 

16 in 

Commutatoi 

Diametei 

52 „ 

Humbei of segments 

360 

„ ,, per slot 

2 

Width of segment at commutatoi face 

125 111 

o 

o 

372 „ 

Tlnclciiess of mica insulation 

03 „ 

Total depth of segment 

3 0 „ 

AppiOMiuate useful depth of segment 

15 „ 

Mavimnm length of segment 

ui „ 

Available length siiiface of segment 

Hi „ 

Cl OSS section commutatoi leads 

059 squaie inch 

B\ ubheb 

Niimbei of sets 

10 

Numbci ill one set 

S 

Width 

1 25 in 

Thickness 

1 „ 

Aiea of contact of one brush 

1 25 squaie inches 

Type of biiish 

Radial oaibon 

Materials 

Aimatme coie 

Sheet steel 

„ spidei 

Cabt non 

,, conductois 

Coppei 

Commutatoi segments 

j) 

j, lead's 

Rheotan 

,, spidei 

Cast non 

Pole-i3ieces 

Cast ssteel 

Yoke 


Magnet cotes 

jj 

Bi ushes 

Cat bon 

Technical Dita 

Armatuie, no load -voltage 

no 

Numbei of face conductois 

720 

Conductois pel slot 

4 

Nuinbei of cii cults 

10 

Style of winding 

Single 

Giainme iing or dium 

Dium 

Type consti uction of winding 

Baa el wound 

Mean length one aimatuie turn 

88 5 m 

Total aimatuie turns 

360 
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Three-Hundred Kilmontt Lighting Generator 


Tui ns m sei les between bi uslies 
Length between biushes 
Gloss section one aimatme concluctoi 
pel cubic inch at 20 deg Cent 
Resistance between blushes at 20 cleg Cent 
3 j j, 60 deg Cent 

Volts diop in aimatuie at GO deg Cent 

)j 93 biiislies and contacts and senes winding 
Teimmal voltage, full load 
Total internal voltage, full load 
Ampeies pei squaic inch in aimatuie winding 

3 3 3 1 coininutatoi connections 

CommiUation 


36 

3190 in 

128 squaie inch 
00000068 ohms 
00171 „ 

00198 „ 

4 75 
3 25 
125 
133 
1880 
4000 


Aveicige voltage between commutatoi segments 
Aimatuie turns poi polo 
Ampeies poi turn 

Aimatuie ampeie turns pei pole-piece 
Segments lead of blushes 
Peicentage lead of blushes 

,, diunagnetisiiig ampeie turns 

,, distoi ting ampeie turns 

Demagnetising ampeie tin ns pei pole 
Distoiting „ ,, 

Fiequency of commutation (cycles pei second) 

Numbei of coils simultaneously short-cii cuited pei bmsh 
Tunis pel coil 

Numbei of concluctoi s pei gioiip simultaneously undergoing 
commutation 

Flux, pel ampeie tuin per inch length ai mature lamination 
Flu\ linked with six turns with 240 ampeies in those turns = 
17 6 X 20 X 6 

Tndiictancc in one iiiin constituting one coil, in henns = 1 x 

2110 X 10-^^ 

React.ince shoit-cii cuited tinn = 

,, voltage == 0183 x 2 10 = 


3 5 
36 
240 
8650 
3 
83 
16 6 
84 4 
U50 
7200 
138 
3 
1 

6 

20 


2110 lines 


0000211 liemys 
0183 ohms 
4 4 volts 


Maonj:tomoti\e Force Calculvtions 


]\regalines entenng aimatuie, pei pole-piece, at no load 
,, ,, ,, at full load 

Ooelhcicnt of magnetic leakage 

Megaliiies in magnet fiame, jDer pole-piece, at no load 
,, „ ,, full load 


jhinatuie 


Section 

Length (magnetic) 


9 17 
11 1 
1 R) 
1 05 
1 28 


1 13 squaie inches 
10 in 






Thi ee-Hmi/lrad Kilowatt L%gliting Ge'nerator 
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Density cat no load 
,j full load 

Ampeie tuins pei inch lengtli, no load 
,j ,, full load 

Amjieie tiunSj no load 
,5 full load 


2 eeth 

Tiausmittmg flux fiom one pole-piece 

Section cat loots 

Leiij^tli 

Ap 2 )aLunt don'll t} at no load 
,, ,j full load 

Collected densitj^ at no load 
„ 5 , full load 

Ampeie tuins pei inch length, no load 
,, „ full load 

Ampeie turns, no load 
,, full load 


Gap 


Section at pole-face 
Length 

Density at pole-face, no load 
„ ,, full load 

Ampeie tuuis, no locad 
Ampeie turns, full load 


63 5 lalols 
77 5 „ 

U 

23 

140 

230 


14 

8 5 squaie inches 
1 75 in 
108 kilols 


130 „ 
106 „ 


100 

750 

180 

1310 


213 square inches 
3 in 
42,800 
52,000 
4,050 
4,900 


Magnti Cote 
Section 

Length (magnetic) 

Density, no load 
„ full load 

Ampeie tin ns pei inch length, no load 
,, ,, full load 

,, no load 

,, full load 

May'iiet Yoke 
Section 

Length pei pole 
Density no load 
„ full locad 

Ampeie turns per inch length, no load 
,, full load 

no load 
full load 


132 squaie inches 
13 5 m 
79 0 kilols 
96 5 „ 

48 

93 

650 

1250 


15b squaie umlic^ 
15 in 

67 0 kilols 
S2 0 „ 

32 
58 
480 
870 
2 E 


3 ) 



Ehi tvic Gentraio'i .s 


no 


Ampere Turns pfr Spool 

No Load and 133 



No Load 

Intern xl Volts, coiieb 


and 

ponding to 125 


llU Volts 

Terminal x oils at 
Pull Load 

Armatuie core 

140 

230 

Aimatuie teeth 

180 

1310 

Gap 

4050 

4900 

Magnet coie 

650 

1250 

yoke 

480 

870 


5500 

8560 

Demagnetismg ampere turns per pole-piece, at full load 

1150 

Allowance for increase in density tluough distoition 

550 

Total ampere 

turns at full load and 125 teimmal \olts 

= 10,500 


If the iheostat m tlie shunt circuit IS adjusted to give 5,500 ampere 
turns at no volts, then, when the terminal voltage is 125, the shunt 

19g 

excitation will amount ^ 5,500 = 6,250 ampere turns 10,560 — 0,250 

= 4,310 auipeie turns must be supplied by the senes winding 


Shimt 


Calculation op Spool Winding& 


IMean length oi one shunt tuin = 51 in = 4 25 ft 
Anipeie tuins pei shunt spool at full load = 6250 
„ feet = 26,600 

E idiating suiface one held spool = 730 sqiiaio inches 
Pei nut 36 watts pei squaie inch at 20 deg Cent 

2G’, totil pel spool This is duicled up into Si uatts m senes vind..,.. and 

1 7 / in shunt ^ 

«liunt Wyatts per spool at 60 cleg Cent = 204 

31 X feet \ “ 

Pounds = ^ / 

wvitts 


Shunt coppei pei spool = 


125 1b 


an to have 90 pel cent of the available 125 volts, oi 113 volts, at the teiiniuals 
0 the field spools ivhen hot, the leinainder being consumed in field iheostat 
This is 98 volts at 20 deg Cent oi 9 8 volts pei spool 

98 


Hence lequire— 18 1 amperes pei spool 


Turns per shunt spool = 

18 1 

Length of 345 turns = 1470 ft 
Pounds per 1000 ft = 85 
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Electric Geiberators, 


No 8BWG has 824 1b pei 1000 ft 
Bare diauieter == 165 in DCCD = 177 m 

Cioss-section = 0214 squaie inches Cmient density = 845 amperes pei sqiiaie 
inch 

Length of the poition of winding space available foi shunt winding = 6-J- in 
Winding consists of 10 layers of 35 turns each, of No 8 B W G 


Senes Winding — The series winding is required to supply 1 0^5 GO 
— G250 = 4,310 ampere turns at full load 

With two turns per spool, the full load curient will give 2400 x 2 = 
4800 ampere turns Consequently, 250 amperes must be diverted through 
the diverter rheostat, leaving 2,150 ampei-es in the senes winding, giving 
4,300 ampere turns 

The two turns consist of flat strips wound on edge spirally, as shown 
m Figs 196 and 197 The conductor is made up of 44 strips 1 10 in by 
079 m , making up a total cross-section of 3 8 square inches 

Curient density = 630 amperes pei squaie inch 
Mean length of tuin = 51 in 

Resistance of ten spools at 20 deg Cent = 000183 ohms 
Series C^R = 2150’ x 000183 = 840 watts 
Ditto pel spool = 84 watts 
At 60 deg Cent =97 watts 
Weight series copper = 1250 lb 


Thermal Calculations 


Armatu'i e 

C-R loss at 60 deg Cent 
Coie loss (observed value) 

Total aimatuie loss 

Obseived increased tempeiature by inci eased lesistance of 
ai mature T\mcling 

Peripheial ladiating siiiface armatuie 
lr\ atts per square inch ladiating surface armature 
Inci eased tempeiatuie pei "svatt per squaie inch aimatuie 
ladiating suiface 

Peiipheial speed armatuie, feet pei minute 
Inci eased tempeiatuie of aimatuie by theimometei 
Ditto, pel square inch peiipheial ladiating suiface 


11,400 watts 
4 150 „ 

15,550 „ 


64 deg Cent 
7,000 squaie inches 
2 22 


29 deg 
1720 

29 deg Cent 


S2'>ool 

Total C-R loss at 60 deg Cent per spool 301 watts 

Observed increased tempeiatuie by iiici eased lesistance ot 

6 i cleg Cent 

Peripheial radiating suiface of one spool 730 squaie inches 

Watts per square inch of spool ladiatmg surface 41 
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Electric Generato^i s 


Inci eased tempeiatnie pei watt pei squaie inch of spool 
ladiating suiface 

By tlieimometei the mciease in teoipeiatnie of spool was 
Ditto, pel squaie inch radiating suiface 


IhG deg C< n( 


IG 

112 


j) 

jj 


CohunuiatoT 

Area of all positive blushes (beat mg suiface) 

Amperes per squaie inch of brush beaimg suiface 

Oliius pel square inch beanng suiface of caihon biiishes 

Biush lesistance, positive + negative 

Volts diop at blush contacts 

C-R at bi ush contacts 

Biush piessuie, pounds pei squaie inch 

Ditto, total 

Goethcient of friction 

Peiipheial speed of coinmiitatoi in feet pei miiinte 
Biush f notion 

Allowance for stiay powei lost in coinmutatoi 

Total commutator loss 

Radiating surface commutatoi 

Watts pel square inch of ladiating suiface 

Obseiv^ed use m tempeiatuie 

Inciease in tempeiatuie pei watt per squaie inch of ladiating 
surface 


50 squaie indies 
4!^ anq^eios 
03 olinis 
00120 ohms 
i 0 volts 
6900 watts 
1 25 lb 


125 „ 

3 

1305 

11 GO wMlts 

r.oo „ 

8560 „ 

1920 S([uau‘ inches 
1 J5 


SO 5 deg Cent 


IS deg Cent 


These temperatuie obseivations weie made on the machine aftet it 
had been run on full load foi eight houis As readings weie made only at 

the eud of the test, it cannot be stated that the machine was not still 
increasing in temperature 


Eppiciency Calculations 

Output at full load 
Goie loss 

Commutatoi and btusli loss 
Aimatuie C^R loss at 60 deg Cent 
Shunt spook -cm loss at 60 deg Cent 
„ rheostat 
Seiics spools 

„ rheostat (divertei) C-R loss at 60 deg Cent 
Total input 

Connneicial efficiency at full load and 60 deg Cent =91 6 pei cent 


U alls 

300,000 
1,150 
S,560 
] J,100 
2,010 
230 
970 
100 


327,150 


Annatu,e Weights (Pounds) 

Magnetic coie 

Teeth ^5 

Spidei and flanges ^ 

Copper ^,000 

1,310 



Six-Pole 2^Q-Kiloioatt Electric Generatur 
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ComimUatoi 


Segments 

1,480 

Spidei and pi ess iiiigs 

1,300 

Complete ai matin e and commutator without slnitt 

14,500 

ame 


Ten pole pieces 

1,000 

j, magnet cores 

5,000 

Yoke 

8,500 

Ten-shunt coils 

1,250 

Ten senes „ 

1,250 

Total spool coppei 

2,500 

Other paits 

3,000 

Machine complete 

34,500 


In Figs 207 and 208, page 213, are given the results of tests o 
satmation and coie loss 

Points A and B of Fig 209 aie expeiimental values The cuives o 
Fig 209 show appioxiinately the amiDere turns that would be lequned fo 
vaiioiis outputs, if the terminal voltage inci eased in a straight line fron 
110 volts at no load, up to 125 volts at full load This would not auto 
luatically mciease m a stiaight line, but the deviation was not tested 
Cuives of losses and efficiencies are given in Fig 210 

O O 


Six-Pole 250-Kilowatt Eleotrio Generator 

The following is one of the latest designs In Figs 211 to 224 an 
given diagianimatical sketches, setting forth the electroinagnetie dimeii 
sions to which the ultiinate designs should correspond Figs 225 to 23c 
show some inteiestiiig details of constiuction of frame, spider, commutator 
blush holdeis, bearing, &c , suggested among other alternative schemes 
m the mechanical development of the generatoi 


SpECIFIOA'IION 


Numhei of poles 

G 

Kilowatts 

250 

Kevolutions pei minute 

320 

Fi equency in cycles pei second 

16 

Teiminal volts, full load 

550 

,, ,, no load 

500 

Amperes 

455 
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Elect} %c Generators 


Deptli of slot 
Wicltli of slot at loot 
,, j, surface 

Number of slots 
Minimum width of tooth 



Width of tooth at armatuie face 

379 in 

Width of conductoi 

10 „ 

Depth of conductoi 

4r. „ 

Numbei of ventilating ducts 

3 

AViclth of each ventilating duct 

44 111 

Efficient lensfth of coie — total len£:th 

80 


1 28 m 
182 „ 
582 „ 
150 
327 „ 




* 'vV 

r 

; ; 

Six-Pole 2bO-Kiloivatt Electric 

Getiercdor 


Magnet coie, length of pole face 

12 3 


Length of pole arc 

17 11 


Pole aiG ~ pitch 

70 


Thickness of pole-piece at edge of core 

50 

1 

Radial length, magnet coie 

10 5 


Diametei of magnet coie 

123 


Bore of field (diameter) 

IGf in 

i 

Depth of air gap 

TtT » 

k 

Spool 

Length ovei flanges 

10 5 in 

1 

,, of winding space 

^3 „ 

K 

Depth 

2 75 „ 


Yoke 


If 

Outside diameter 

81 1 in 


Inside diiinietei 

72 1 „ 

y ' 

Thickness 



Leiigih along aimatuib 

15 „ 

i 

Coinnudato) 

Di.uiictei 

J7 f in 

1/ 

ISTiimbei ot sc'gment;^ 

GOO 

1 

„ „ per slot 

4 

1 

Width of segment at commutatoi face 

167 111 

1 

Thickne'^s of mica insulation 

030 „ 

' 

A\ailable length siuface of segment 

9 06 „ 

I 

Cl oss-section commutator leads 

03 square i 

1 

Brushes 

ISTuinbei of sets 

G 


ISTumbei iii one set 

1 


Width of blush 

1 75 in 


Tliicknoss of biush 

025 „ 


Aica of contact one biiish 

1 09 squaie ii 


Type of biush 

Cell bon 

•yr 

Mati^rials 

Aimcitiuo coie 

iSheet 11 01 


Spidei 

Cast lion 

\ 

Conductois 

Coppei 

\ 

Commutatoi segments 


i 

,, leads 


1 

,, spidei 

Oast 11 on 

1 

Pole-pieces 

Cast steel 

1 

Yoke 


* 

Magnet coica 



Blushes 

Cai bon 








Six-Pole 26 Q-Kilo}vatt Electric Generator 


Type of coiisti action of winding 
Metin length, one ai matin e tiiin 
Total aiinatuie tuin.s 
Tunis 111 senes betiveen brushes 
Length between blushes 
Gioss-section one aimatuie conductoi 
Oliins pei cubic incli at 20 cleg Cent 
llesistauces between blushes at 20 ckg Cent 
„ 60 „ 

Volts chop 111 aiinatuic at GO cleg Cent 
,5 biuslics and contacts 

Total iiiteinal voltage, full load 
Ampeies poi squaie inch in ainiatuie wiiuluig 

, cominutatoi connections 


Ban el 
84 I 
6( 
1 ( 
8451 
045 sqii 
0000 
0213 
0215 
11 
2 
5( 
17(. 
250 


CominuUtlion 

Avei ago i olt«ige between comniutatoi segments 5 

Armatuie turns per pole 

Ampei es pei turn 7 

Aiinatuie ampeie turns pei pole "^"60 

{Segments lead of blushes 

Peicentage ,, ^ 

,, demagnetising ampere tuiii 16 

„ distoitmg ,, ,, d4 

Leinagnetising ampeie turns pei pole 122 

Distoiting ,, ,, 

Frequency of commutation, cycles pei second 50 


JSTumbei of coils simultaneously slioit-ciicuited pei biush 
Turns per coil 

ISTumbei of conductoi s pei gioup simultaneously undergoing 


commutation ^ 

Fliiv pei ampeie tuin pei incli length aimatuie lamination 20 

Flux linked with eight turns with one ampeie m these tuins 1970 1 

Inductance of one turn in licniys = 1 x 1970 x 10^^ 0000 

Reactance shoit-ciicuited coil 062 c 

,, voltage sliort-cii cuited coil ^ 7 v< 


M vgneto-Motive Force Calculations 


Megalines enteiiiig aimatuie, pei pole piece, no load 
,, ,, full load 


Ooethcieiifc of magnetic leakage 
Megalines in magnet fiame, per 

JJ 


pole piece, at no load 
,, full load 


A? matiore 
Section 

Length, magnetic 


7 80 
8 80 
1 15 
8 97 
10 1 


132 squai 
13 0 



222 Electric Geaeratovb 

Density, no load 

59 kilolincs 

,, full load 

66 „ 

Anijieie turns pei inch length, no load 

11 

j, ,, n full load 

13 

„ no load 

140 

,, full load 

179 

Teeth 

Transmitting dux from one pole-piece 

20 

Section at roots 

G5 

Length 

1 2h 

Appaieut density, no load 

132 kiloliiies 

,, ,, full load 

118 „ 

Coirected ,, no load 

124 
* ,, 

,, ,, full load 

134 

Ampeie tinnsppi inch length, no load 

700 

,5 j, 5 , full load 

1250 

,, no load 

890 

,, full load 

1000 

Gap 

Section at pole face 

2 10 S(]uaie inch 

Length gap 

31 in 

Density at pole-face, no load 

37 2 kiloliiios 

,, ,, full load 


Ampeie tuins, no load 

3G 10 

J, full load 

4150 

Magnet Goie 

Section 

119 s(|ii<UL mcli 

Length (magnetic) 

12 75 lu 

Density, no load 

7G kilolines 

„ full load 


Ampeie tiiins pei inch length, no load 

35 

3 5 ij jj full load 

IG 

„ no load 

150 

„ full load 

590 

Magnetic Yoke 

Section 

140 scpiaie inches 

Length per pole 

18 in 

Density, no load 

64 kilolincs 

„ full load 

72 

Ampere turns pei inch length, no load 

25 

}, full load 

32 

, no load 

450 

,, full load 

570 
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Electric Generator^ 


Armature core 
„ teeth 

Gap 

Magnet coie 
yoke 


Ampere Turns per Spool 

No Load and 
500 Volts 

140 

890 

3640 

450 

450 

5570 


No Load and 564 VoltSj^CoiLOs 
ponding to Internal Voltago 
It Full Load, Mhcii Teiinmal 
Voltage IS 550 

170 

1600 

4150 

590 

570 


7080 


Demagnetising ampeie turns pei pole, at full load 
Allowance £oi inciease in density thiough distoition 
Total ampeie tin ns at full load and 550 teiminal volts 


1220 

700 

8920 


If the rheostat m the shunt circuit is adjusted to give 5570 aiupoic 
rns at 500 volts, then when the terminal voltage is 550 the shunt 

550 

citation will amount to x 5570 = 6130 ampere turns 

500 

8900 — 6130 = 2270 ampere turns, must be supplied by the senes 
nding 


Shunt 


Calculation of Spool "Winding 


Mean length of one shunt tuin 
Ampeie turns pei shunt spool at full load 
Ampeie feet 

Total radiating suiface of one field spool 

Piopoition available foi shunt = x 530 

^ 8900 

Peimit 40 watts per square inch at 

365 X 40 = 146 watts shunt spool at 
And 168 watts pei shunt spool at 

Shunt coppei pei spool = ^ = 131 lb fLb 

146 


= 48 5 in - 4 05 lb 
6,130 
24,800 

530 square inches 


365 


20 deg Cent 


20 

60 


>) 


31 


/amp feet 
\ 1000 ) 


watts 


Plan to have 80 per cent of the available 550 volts, 440 volts, 
the terminals of the field spools when hot, the remainder being con- 
ned m the field rheostat This is 382 volts at 20 deg Cent, oi 63 5 

Its per spool Hence lequire = 23 amperes per spool 

63 5 



Six-Pole ‘ibO- Kilo watt Electric Geneiator 
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Turns pei shunt spool == 

3 3 

Length of 2660 turns 
Pounds pel 1000 ft 

No 14 B and S has 12 4 lb per 1000 ft 

Baie diameter 

D C C cliametei 

Cioss-section 

Ampeies pei squaie inch 


2660 

10,800 ft 

12 1 

0641 in 
075 „ 

00323 squaie inch 
710 


Length of the portion of winding space available for shunt winding, 6 5 in 
Winding consists of 33 layeis of 81 turns each, of No 14 B and S 


Series Winbing 


The series winding is required to supply 2770 ampeie tmns at full 
load of 455 ampeies. 

Planning to divert 25 per cent through a rheostat in parallel with 
the series winding, we find we have 75 x 455 = 342 ampeies avail- 
able for the series excitation , hence each series coil should consist of 


2770 

342 


= 8 turns 


Mean length of series tui ii 48 5 ni 

Total length of eight turns 388 „ 

Radiating suiface available for senes spool 165 sqnaie inches 


Pei mit 40 watt pei square inch in series winding at 20 deg Cent 
Watts lost pei senes spool at 20 deg Gent = 40 x 165 = 66 


Hence lesistance pei spool at 20 deg Cent = 


66 

342 ^ 


== 00057 ohms 


Copper cioss-section = 46 squaie inch 

Series winding per spool may consist of eight turns made up of foui stiips of sheet 
coppei 2 3 in x 050 in 
Weight of series copper in one spool = 58 lb 
Current density series winding = 740 


Armatu) e 


Thermal Calculations 


C“R loss at 60 deg Cent 
Coie loss 

Total ai mature loss 

Peripheral ladiatmg suiface of aimatuie 
Watts pel squaie inch radiating suiface 
Peiiplieral speed armature feet pei minute 
Assumed inciease of temperatuie pei watt pei squaie inch in 
radiating suiface as measured by inci eased lesistance = 
Hence estimated total mciease tempeiatuie of aimatuie = 


5050 V atfcs 


4000 

9050 


jj 


4700 squaie inches 


1 93 
3850 


25 deg Cent 


48 


15 


2 a 
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Elettuti Generators 


Commutator 

Area of all positive brushes 13 1 square inch 

j^mpeies pei square inch brush-beaiing suiface 35 amperes 

Ohms per squaie inch bearing suiface caibon brushes 03 ohm 

Biush resistance, positive and negative 0046 ,, 

Volts drop at biush contacts 2 1 volts 

O^R at blush contacts 950 watts 

Brush piessiue, assumed 1 25 lb pei squaie inch 32 8 lb 



Coefficient fiiction 

Peripheial speed of commutatoi, feet pei minute 
Blush f notion 

Allowance foi stiay po^ei lost in commutatoi 

Total commutatoi loss 

Radiating suiface in square inches 

Watts per squaie inch lacliating surface of commutatoi 

nciease of temperatuie pei watt per squaie inch ladiating 
suiface ^ 

Total estimated mciease of temperatuie of commutator 


3 

3130 

700 watts 


150 

1800 


jj 


1100 


1 64 





Six-Pole 25Q-K%loivatt Electric Generator 
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Efficiency Calculation 


Watts 

Output, full load 250,000 

Coie lo‘5s 4,000 

Commutator and brush losses 1,800 

Annatiire C^R at 60 deg Cent 5,050 

Shunt spools O^E; at 60 deg Cent 1,000 

,, iheostat at 60 deg Cent 250 

Series spools C-R at 60 deg Cent 460 

,, iheostat at 60 deg Cent 150 

Fiiction in beaiings, and Avindage 2,000 


Oommeicial eibciency at full load and 60 deg Cent 


264,710 
94 4 per cent 



I 


SIX POLE 260 KW 550 VOLT GENERATOfl 
la 23^^ 3ZO R p M 

^ GOMPJVNDING CURVES 

HjO load voltage-sod full load voltage sso 



-'IX POLE250KW SSOVOLT GENERATOR 
Fl^ ZoQb 320 R P M 



Weights 

Armatm e 

Magnetic cote 

Teeth 

Spider 

Shafting 

End flanges 

Copper 


Lb 

2,100 

210 

860 

1,700 

750 

730 
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Electric Generators 


Commutator 

Segments 680 

Spider 530 

Rings 260 

Other parts of armatuie and commutator ISO 

Armatuie complete, including commutator and shaft 8,000 

Field 

Six pole-pieces and magnet core 2,400 

Magnet yoke 5,000 

Six shunt coils 790 

Six series coils ... 350 

Total spool copper 1,140 

Brush gear 300 

Bedplate and bearmgs 2,600 

Machine complete 20,000 




In Figs 234, 234a, and 234b are given satin ation, compoundiDg, and 
efficiency cuives in accoi dance with estimated values This machine 
has lecently been completed Figs 235 and 23G show the results of 
saturation and core loss tests They agiee veiy well with the pie- 
determined values of the above specification As shown m Fig 235, the 
excitation required at no load and 500 volts was, hy obseivation, 5400 
ampeie turns, as against the predetei mined value of 5570 ampere turns 
given in the calculation on i^age 224 


Core Losses in Multipolar Commuiating Machines 

In detei mining the coie losses of electiic geneiatois, it is frequently 
convenient to resort to empirical devices, as a check upon more theoietical 
methods, owing to the conditions in f)iR<^tice aflecting the results As 




Co'ie Losset, tiu Multipolar Commutating Maclnues 220 

already explained in an earlier section of tins series, the machine-work 
upon the armature, the periodic vaiiations in the magnetic leluctance, with 
resulting eddy current and hysteric losses in the magnet frame, and the 
eddy currents in the armatuie conductois, supports, shields, &c , all tend to 
introduce uncertain factors 


Fia 237 



CURVE E^MItSITIflG ir*-3E CSTVYEEH 

Fig 23S cycles pek second^} iLOunes density below slots-woo 

jUfdO wArrs pe.r pound in ahti^ture. core. 



In the Table on page 280 aie set forth the dimensions and the 
observed core losses of twenty-three large multipolar commutating 
machines, in the design of which there was a wide lange of periodicies and 
magnetic densities The results set forth in this Table aie useful in 
drawing practical conclusions as to the piobable core losses of new designs 
Although m these designs the rate of dissipation of eneigy in the teeth is 
high, the small percentage which the mass in the teeth bears to the total 





TABLE LX-IX — DIMEXSIONS AND OBSERVED CORE LOSSES OF TWENTY-THREE COMMUTATING GENERATORS 
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Electric Genoxitors. 
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Core Losses in Multijyolar Commutating Machines 

mass of the core of the armature, make^ it practicable, as showa 
results given in the Table, to draw conclusions from a comparison 
watts per pound of total laminations as related to the periodicity am 
density below slots But this would not be found to be the case, 
when tooth densities are chosen, lying within the limits generally a' 
since the higher the density m the projections, the more consideiabl 
loss due to eddy cuirents in the embedded copper conductois, 
sequence of the stray field crossing them Another factoi afiecti 
value of the core loss in commutating dynamos, is the influence 
conditions during commutation of coils, m relation to which the frt 
of commutation has an important bearing 

The cuive given in Fig 238 is plotted ftom the tabulated resu 
will be found useful for this type of machine 

Suppose, for example, we ivish to predetermine the core lo 
multipolar generatoi having, say, eight poles and running at 240 rev 
per minute From previous calculations we find it requnes 7000 lb 
of total laminations, including teeth and core body, allowing a fi 
working density of 76 kilohnes per squaie inch cross-section area 
core body Now, eight poles at 240 revolutions per minute W' 
sixteen cycles per second 

Cycles X density m kilohnes __ 

Tooo Togo "" 

According to curve. Fig 199, we obtain 2 1 watts per pound, 
there is 7,000 lb , the total core loss will be 2 1 x 7,000 = 14,700 
For the range of peiiodicity and flux density covered by tlu 
tabulated machines, an average value of 1 7 is obtained for K He 
following approximate lule is derived — 


Watts pei lb =17 x cycles per second x kilohnes density 
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Electric Generators 


ELECTEIC TRACTION MOTORS 

Motois for electric traction must, from the nature of their work, be 
designed to be reversible, and to have the brushes set in a fixed position at 
a point midway between pole ends Since the brushes cannot be shifted, 
the magnetic field cannot be utihsed to reverse the current in the short- 
circuited coil , m fact, whatever impressed magnetic flux is passing 
through the coil while it is short-circuited under the brush, is in such a 
direction as to tend to maintain the cunent in its original direction, instead 
of assisting to reverse it The commutation may be termed brush commu- 
tation, and the commutating element is in the lesistaiice of the brushes 
For satisfactoiy commutation, ti action motois aie designed with very high 
magnetisation at full load Much higher densities aie inacti cable, as 
regards the heating limit, than in machines running at constant loads, since 
the average cunent intake by a traction motor is not ordinarily above 
one-fourth of its rated capacity, so that in aveiage work the magnetisation 
of the air gap and armature core is not very different from that in machines 
designed foi constant load At rated capacity, however, the magnetisation 
m the projections and armatuie core is frequently 50 pei cent higher than 
in machines designed for constant load, and at rated load the heat 
generated per square inch of radiating surface is generally more than double 
that of machines for constant load 

Because of the unfavourable commutating conditions, the armature 
reaction of railway motors and the reactance voltage of the short-circuited 
coil, should be comparatively small at rated capacity This is the more 
important on account of the desirability of lessening the diameter of the 
aimature, so as to shorten the magnetic circuit and diminish the weight of 
the motoi Material progress has been made in this direction by putting 
three or even four, coils in one slot, where in foimei practice but one, 
corresponding to one commutator bar, was placed in one slot This is a 
condition which would be adverse to satisfactory commutation with 
reasonable heating, in large generators for constant load , but in the case 
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of railway motors, on account of the lesser numbei of projections and 
consequent less room occupied for insulation, the cross-section of the pio- 
jections has been increased so that a higher magnetisation m the gap is 
permissible, under which condition sparking is diminished at heavy loads 
A material advance has been made in elSciency at average loads, and in 
sparking, by gieatly inci easing the magnetisation of the armature core 
proper 

It may be fairly said that all eflfbits to improve commutation have 
been, first, to increase magnetisation, so that distoition is diminished , and 
secondly, to diminish the inductance of the aimatuie coils by employing 
open and wider slots Machines have been constructed of 300 and 400 
horse-power capacity, capable of being reversed in eithei direction without 
much sparking That the commutation is never so perfect as in the case of 
machines wheie the reversing field can be utilised, is shown by the gradual 
roughening of the commutator, which requires more attention than in the 
case of generators or other non-reveisible machines The remarkable 
progress that has been made in the design of this class of machinery 
will be apparent by comparing the drawings and constants of well- 
known types of machines, with those of machines constructed but a few 
years ago 


Description op a Geared Railway Motor por a Rated Drawbar Pull 
OP 800 LB, AT A Speed op 11 4 Miles per Hour 

This motor has been in extensive use foi some years, hence it does not 
represent the latest developments, except in so far as modifications have 
been introduced fiom time to time The fundamental design, hov^ever, is 
not in accordance with the best examples of recent practice. On account 
of its established leputation for reliability, it is still, however, built in large 
numbers Its constants are set foith below, m specification foim, and in 
Figs 239 to 254, pages 234, 236, and 240, are given drawings of the 
motor. 


Specification 

Number of poles 4 

Bated drawbai pull 800 lb 

Under standard conditions at this rating, the field windings are 

2 H 
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connected in parallel with an external shunt which diverts from the field 


winding, 30 per cent of the total curient 

E,e\ olutions of armatuie pei minute at this rating 555 

!N umbel of teeth on ainiatuie pinion 14 

„ „ axle geai 67 

Ratio of geai reduction 4-78 

Revolutions of axle pei minute 116 

Speed of cai m feet pei minute on 33-iii wheels 1000 

„ miles pei lioui ,, 114 

Foot-pounds per minute, output foi above diawbai pull and 

speed 800,000 

Horse-powei output foi above diawbai pull and speed 24 2 

Kilowatts output foi above diawbai pull and speed 18 1 

Efficiency of above rating, motoi waini 79 5 pei cent 

Coi i espondiiig kilowatts input 22 8 

, amperes ,, 45 5 

Teiminal voltage 500 

Fiequency in cycles pei second at lated conditions 18 5 


DiMrNSIONS 


Diametei ovei all 

16 m 

/ 

,, at bottom of slots 

13 2 „ 


Internal cliametei of coie 

4] .. 

1 

Length of coie over all 


Effective length, magnetic non 


L ' 

Pitch at ainiature suiface 

12 6 „ 

10 pel cent ^ 


Japan insulation between laminations 


Thickness of laminations 

025 m 

\ 

Depth of slot 

140 „ 


Width of slot at loot, die punch 

240 „ 


,, „ suiface, die punch 

2i0 „ 


Numbei of slots 

105 


Minimum width of tooth 

164 in 


Width of tooth at ainiatuie face 

239 „ 


Size of aimatuie conductoi, B and S gauge 

No 9 


Bai e diametei of armatui e conductoi 

114 in 


Cioss-section 

0102 squaie inch 


Magnet Core 

Length of pole face 

8 in 


„ aic 

8 25 „ 


Pole aic — pitch 

655 „ 


Length of magnet core 

8 in 


Width „ „ 

7 75 „ 


Diameter of boie of field 

16 ‘t- 


Length of gap clearance above aimatuie 

1 

S 53 


„ „ below „ 

5 

61 >3 
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JS? 7Lshes 

Numbei of sets 

„ brushes in one set 
Length, radial 
Width 
Thickness 

Area of contact of one brush 
Type of biubli 


2 

1 


2| in 

5 „ 

1 125 squaie inches 
ladial caiboii 


Technical Data 


Teiminal voltage 
Numbei of face conductois 
Conductois pel slot 
,, coil 

Numbei of cnciuts 
Stylo of v inding 
G-iamme iing oi chum 
Type of consUuction of ^vmdlng 
Numbei of coils 

Mean length of one ai mature turn 
Total auiiatuie turns 
Turns in series between biushcs 
Length between blushes 
Cioss-section of one aimatuie conductoi 
Ohms pei cubic inch at 20 deg cent 
Resistance between blushes at 20 deg Cent 
„ 95 „ 

Volts of diop in aimatuie at 95 ,, 

Mean length of one held turn 
Field conductoi, B and S gauge 
Bate diametei 

Cl oss-section of field conductoi 
Turns pel held spool 
Numbei of held spools 
Total field turns in senes 
„ length of spool coppei 

„ lesistance of spool winding at 20 deg Cent 

„ » ” >> 

Tlmty pel cent of the mam cm rent of 45 5 ampeies is 

diveited fiom the field winding by a suitable shunt 
lesistance, hence cuiient in field winding is 
Volts diop in field winding at 95 cleg Cent 
Resistance biush contacts (positive negative) 

Volts diop in brush contacts 

„ armatuie, held, and biushes 

Counter electiomotive foice of motoi 
Ampeies pei squaie inch in armature wiiiduig 

field 


500 

S40 

8 

4 

2 

Single 
Di urn 

Foimed loiI winding 
105 
43 m 
420 
210 

9000 in 

0102 squaie inch 

00000068 ohms 
305 „ 

394 „ 

IS 

46 5 m 
No 6 
162 in 

0205 squaie inch 
203 
2 


406 

IS 800 in 
625 ohm 


32 ampeies 
26 volts 
055 ohm 
2 5 a olts 
46 5 „ 
453 5 „ 
2230 
1560 



Electric Generator's 


imutaUon 

Aveiage voltage between commutator segments 

Aiinatme turns pei pole 

Ampeies pei tmn 

Aimatuie ampere turns pei pole 

Fieqiiency of commutation (c3mles per second) 

Number of coils simultaneously shoit-ciiciuted pei Iniish 
Till ns pel coil 

Nuinbei of conductois per gioup simultaneously undei going 
commutation 

Flux pel ampere turn per inch length of aimatuie lamination 
Flux linked with 24 turns with one ampeie in those turns 
= 20 X 8 X 24 = 

Inductance of four turns = 4 x 3480 x 10“^ ~ 


18 
105 
22 8 
2400 
250 

3 

4 


24 

20 

3840 

000154 heniys 


But in a two-circuit winding with four poles and only two sets of 
e&, there are two such foui-turn coils in series, being commutated 
one blush, and then inductance IS = 2 x 000154 = 000308 hemys 

Reactance of these two short-ciicuited coils 484 ohm 

Ampeies in shoit-cii suited coils 22 8 

Reactance voltage of short ciicuited coils 11 lolts 


Magnetomotive Force 

Megalines enteiing armatuie, per pole-piece 
Coefficient of magnetic leakage 
JMegcahnes per field-pole 

[7 matw e 
Section 
Density 

Length (magnetic path) 

Ampeie turns pei inch of length 
5, foi aimatuie coie 

Teeth 

Tiansmitting flux fiom one pole-piece 

Section at loots 

Length 

Apparent density at zoot tooth 
Coirected „ „ 

Ampeie turns per inch of length 

j, for teeth 

Gap 

Section at pole face 
Length, aveiage of top and bottom 
Density at pole face 
Ampeie turns for gap 


2 92 
1 25 

3 65 


62 8 squaie inches 
46 5 kilols 
4 111 
8 

30 

19 

22 5 squaie inches 
1 4 in 
130 kilols 
125 „ 

700 

080 

66 squaie inches 
14 in 
44 kilols 
1920 
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Cabt-Steel Foitvon oj Qx'icmt 


Aveiage cross-section 

52 scjuaie inches 

Length, magnetic 

9 in 

Aveiage density 

70 kilols 

Ampeie turns per inch of length 

35 

,, foi cast-steel fiame, pei pole-piece 

320 

Only two of the foui poles cany evciting windings , hence of the 203 

turns on one spool, only 101 5 are to be taken as 

coriespondmg to one 

pole-piece Thuty per cent of the mam current being diverted from the 

fields, the field exciting current is 32 amperes, and field ampere turns per 

pole-piece are 32 x 101 5 = 3250 ampere turns 

These are piobably 

chstiibutecl somewhat as follows 


Ampeie tin ns for aimatuie coie 

30 

,, ,, teeth 

980 

„ n gap 

1920 

„ j, flame 

320 

Total ampeie tuins pei pole-piece 

3250 

Tjiisrmal Constants 




Resistance between biushes at 95 cleg Cent 

394 ohm 

Ampei es input at i atecl capacity 

45 5 ampeies 

Ainiatuie C^R loss at 95 cleg Cent 

815 watts 

Total weight of ai mature laminations, including teeth 

314 lb 

„ obseived core loss (only appaiently coie loss) 

800 watts 

Watts pel pound in aimatuie laminations 

2 55 „ 

Total of aimatuie losses 

1615 „ 

Length of aimatuie (ovei conductois) 

12 m 

Peiipheial radiating sin face of aimatuie 

600 squaie inches 

Watts pel square inch peiipheial ladiatmg suiface 

2 7 watts 

Fxe^d Spools 


Total resistaiiceof the two field spools at 95 deg Cent 

81 ohm 

Anipeies in spool winding 

32 amperes 

Spool G‘R loss at 95 cleg Cent 

830 watts 

Com'tauiaioi 


Aiea of boaimg suiface of positive brush 

1 13 squaie inches 

xVmpeies per squaie inch of biusli beaiing surface 

40 ampeies 

Ohms per squaie inch of heaiing surface of caibon brushes 03 ohm 

Brush lesistance, positive negative 

053 „ 

Voltb chop at blush contacts 

2 4 volts 

0“^ R at blush contacts 

110 Wyatts 

Blush piessiiie per squaie inch 

2 lb 

Total brush piessuie 

4 5 „ 



AMPEfreS INPUT 
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Coefficient of fiiction 

3 

Peiipheial speed of coinmutatoij feet pei minute 

1240 ft 

Blush fiiction 

36 watts 

Stiay powei lost in commutatoi (allowance) 

50 „ 

Total commutatoi loss 

198 „ 

Peripheial lacliatmg suiface 

100 squaie inches 

Watts per sqiiaie inch ladiatmg suiface of commutatoi 

2 watts 

EpFicirNc\ Calculation& 

■\Vabts 

Output at rated capacity 

18,100 

Ooie loss 

800 

Oonnnutatoi and bi usli loss 

198 

Ai matin e C- E- loss at 95 deg Cent 

815 

Field spool C- R ,, „ 

830 

Geaimg fiiction 

2,000 

Total input 

23,743 

Commcicial efficiency at lated capacity and 95 deg Cent 

= 7 9 5 pei cent 

Weiguts 

b 

Aimatuie coie (magnetic) 

250 

,, teeth 

67 

,, coppei 

60 

Commutator bais 

45 

Aimatuie complete 

635 

Magnet pole 

520 

Spool coppei 

129 

Machine complete 

1525 


In Figs 255, 25G, 257, and 258 are given lespectivoly curves of draw- 
bar pull, output, speed, and efficiency foi this motor 

In many of tlie more modern stieet- railway motors, the design lias 
followed linos diffeiing in many respects fiom those of the motor just 
descrilied Thus several armature coils aie arianged in one slot, laigely 
1 educing the numbei of slots, and the pole-faces aie laminated, since othei- 
wise these few wide slots svould set up too great an eddy curient loss in 
the pole-face It has been found piefeiable to have one field spool pei 
pole-piece, instead of having two salient and two consequent poles The 
ai mature diameter has been laigely i educed, and sparking is mmmnsed by 
running not only the teeth, but also the coie, up to extiemely high 
magnetic density, neveitheless, owing to the greatly i educed mass of the 

1 Tn this lesult, the loss in the diveiting shunt to the held spool winding is not 
allowed for 

2 I 
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Electric Generators 


ainiatuie iron, the core loss is small A motor designed on these lines, and 
of not very different capacity from the one just described, will next bo 
described 

Geared Railway Motor eor a Rated Output of 27 Horse-power at 
AN Armature Speed op 640 Revolutions per Minute 


The rating of this motor is in accordance with the now generally 
accepted standaid practice of limiting the tempeiature use of field and 



armatuie to 75 deg Cent, as measured by thermometer after a full-load 
run of one hour’s duration The motor is illustrated m Figs 259 to 277 
inclusive 

Appljnng this same standard permissible temperature use to runs of 
difterent duiations, the following Table gives the coi responding ratings at 
500 terminal volts 
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The following specification is prepared on the basis of the rating of 
27 horse-power foi one houi’s continuous operation at full load In tram- 
way service, of couise, the motor is on the average called upon to develop 
but a small percentage of its full capacity, and hence such a motoi, when 
continuously in service under noimal conditions, luns much cooler than the 
above-quoted tempeiatures 


44 


Electric Geicei ators 


r 


Specification 

Niimljei of poles 4 

Rated hoise-power output 27 

„ kilowatts 20 2 

Elficieiicy at above lating and at 95 deg Cent 79 pei cent 


The efficiency is a little higher at lighter loads, and is at its 
[naximum at about two-thuds full-rated load, so that it is high through- 
out the entire range of working, that is, from quarter load to heavy 
overloads (See efficiency cuive m Fig 282.) 


Kilowatts input at lated load 25 6 

Teiminal voltage 500 

Cuiiesponding ampeies input 51 

3 , 1 evolutions pei minute of ai matin e 610 

Numbei of teeth on aimamie pinion 14 

„ „ axle geai 67 

Ratio of geai i eduction 4 78 

Revolutions of axle pei minute 134 

Sjieed of cai m feet pei ininutej on 33-in wheels 1160 

3 , miles ,, houi ,, 13 1 

Output 111 foot-pounds pei minute, at noimal lating 890,000 

Pounds diavbai pull, at noimal lating 770 

Fiequency at lated conditions in cycles pei second 21 I 


Dimensions 


Ay lyictiii'ye 

Diametei ovei all 

„ at bottom of slots 

Intoinal diametei of useful magnetic poition of coie 
Length of coie ovei all 

Kumbei of -v eiitilatiug ducts, each ~ in ^Mde 

E(recti\e length of magnetic non 

Pitch at ai matin e suiface 

Japan insulation between laminations 

Thickness of laminations 

Dejitli of slot 

Width of slot at lOot 

,3 at suiface 
ISTiimbei of slots 
IMiiumum width of tooth 
Width of tooth at armatuie face 
Size of aimatuie conductoi, B and S gauge 
Baie diametei of aimatuie conductoi s 
Cio&'s-sectioii ,, 5> 


11 in 
8 42 „ 

6 17 „ 

9 „ 

3 

7 12 in 

8 65 „ 

10 pel cent 
025 111 

129 „ 

1 6 

j J ») 

1 

. J 

29 

445 in 
724 „ 

No 10 
102 in 

0081 squaie inches 
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IfcK/net Coie 

Length of pole face 

9 in 

„ aic 

6 1 „ 

Pole arc — pitch 

69 

Length of magnet core 

8| in 

Width 

.. 

Diametei of boie of field 

1 1 

■'■■^3 2 }} 

Length of gap cleaiance above ai mature 

1 

8 >) 

„ „ below „ 

5 

32 1} 

Covimidai07 

Diameter 

8 in 

ISTiimbcr of segments 

87 

„ segments pei slot 

3 

Width of segment at commiitatoi face 

213 m 

„ segment at loot 

lOS „ 

Thickness of mica insulation 

050 „ 

Available length of surface of segment 


Bt ushes 

Number of sets 

2 

„ m one set 

2 

Length, radial 

2|- m 

Width 

H .. 

Thickness 

1 

J 

Ai ea of contact of one bi usli 

625 squaie inches 

T^^po of biusli 

Ptaclial eaihon 

Mathrials 

Ai matin G coie 

Sheet steel 

Magnet fiamc 

Cast j, 

Pole faces 

Sheet ,, 

Blushes 

Cai hon 

Technical Data 

Teiminal voltage 

500 

Numbei of face conductois 

690 

Oonductoi s pei slot 

24 

,5 coil 

4 

Number ot circuits 

2 

Style of winding 

Single 

Giamme ring or dium 

Dium 

Type constiuction of winding 

Foimed coil vinding 

Niimhei of coils 

87 

Mean length of one aimatuic tiiiu 

38 5 in 

Total aimatuio turns 

348 

Turns in senes between brushes 

174 

Length bobveen blushes 

6700 in 

Cross-section of one aimatuie conductoi 

, 0081 squaie inch 
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27 Ho j bC-Power Geared Railway Motor 


Ohms pel cubic inch at 20 deg Cent 
Eesistance between, blushes at 20 cleg Cent 

3J 3 5 3 ) 95 ,, 

Volts chop m ai mature at 95 cleg Cent 
Mean length of one field turn 
Size of field conductor, B and S gauge 
Bare diameter 

Cl OSS section of field conductoi 
Turns pel field spool 
Numbei of field spools 
Total field turns in senes 
„ length of spool coppei 
„ resistance spool winding at 20 cleg Cent 

5) 3) 31 J3 95 ,, 

Volts chop m held winding at 95 deg Cent 
Resistance brush contacts (positive + negative) 

Volts chop in blush contacts 

„ ,, armatuie, field, and blushes 

Counter electromotive force of motor 
Ampeies per square inch in aimatuie winding 

field 

33 3 ? 33 ilCiU ,, 

Commutation 

Average voltage between commutator segments 

Ai matin e turns per pole 

Ampeies per turn 

Aimatuie ampere turns per pole 

Fieciuency of commutation, cycles pei second 

bTunibei of coils simultaneously shoi t ciicuited, pei brush 

Turns per coil 

Numbei of conductors pei gioup, simultaneously undergoing 
commutation 

Flux pel ampeie tuin per inch-length of armature lamination 
,, linked with 16 turns with 1 ampeie in tliose turns, 
= 20 X 9 X 16 

Inductance of four turns = 4 x 2880 x 10 
In a four -pole, two-circuit winding, and cMth only two sets of 
brushes, there are two such four -turn coils in series, being 
commutated under the brush, and their inductance is 
Reactance of these two short-ciicuited coils 
Ampeies in slioit-ciicuited coils 
Reactance voltage of short circuited coils 

Maynetomot%ve Foice Estimahonb 

IMegalines entering aimatuie, pei pole piece 
Coefficient of magnetic leakage 
Megahnes per field pole 
Ai mature 
Section 
Density 


00000068 
28 ohm 
36 „ 

18 3 volts 
36 in 
No 5 
182 in 

026 square inch 
156 5 
4 

626 

22,000 in 
59 ohm 
76 „ 

38 6 i olts 
048 ohm 
2 4 volts 
59 3 „ 

441 

3130 

1920 


21 
87 
25 5 
2200 
270 
2 
4 

16 

20 lines 

2880 „ 
000115 hemy 


000230 henry 
39 ohm 
25 5 ampeies 
9 9 volts 

2 96 

1 25 

3 70 

1 6 7 squai e incl 
177 kilols 

2 K 
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OCAACO RAILWAV MOTOR 

ron A AATeo output of 2t h p at 
AN APMATuRe SPEED OF 6*0 A PM 
Torque Cun/e/ For 33 WheeJs and, 

GwrHabio of 4 78 


GEARED RAILWAY MOTOR 
FOR A PATED OUTPUT OF 27 H P AT 
AN ARMATURE SPEED OF GAO R RM 

Speed Curve for 33 Wheels 
^ Geoir RoLtuo oF 4 78 
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But, as IS evident fioiii the drawing of Fig 260, many lines will 
flow thiough the inner parts of the punchmgs, and also, to a certain 
extent, through the shaft, and a corrected density may be taken of, 
say, 130 kilolmes 


GEARED RAILWAY MOTOR 

JiCf 280 f^Off A RATED OUTPUT QFSTH fi at Aft 

^ ARMA TORE SPEED OF 6 ^QRPM 

Horse Power C urve 



JPy28J 


GEARED RAILWAV MOTOR 
FOR A RATED OUTPUT OF 2.1 R P AT 
AU ARMATURE SPEED OF $*0 R PM 

Core Loss Curtte 



Bx)231 GEARED RAJLWAV MOTOR 

FOB A RATED OUTPUT OF 27 H P AT 
AM ARMATURE SPEED OF G40 R P M 


:Eig 283 


GEA#?ED RAILWAY MOTOR 
FOR A RATED OUTPUT OF 27 B P AT AN 
ARMATURE SPuED OF B^DR PM 
Thermo! Characteristic Curve, 



Length (magnetic) 

Ampeie turns pei inch of length 
„ for aimatme coie 

Teeth 

Tiansmitting flnx fiom one pole-piece 
Section at lOot of six teeth 
Length 


3 in 
900 
2700 

6 

20 squaie inches 
1 29 in 
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Eltictric Generators 


Apparent density in lOot tooth 1 tS 

Corrected ,, ,, 138 

Ampere turns per inch of length 1300 

,, for teeth IGSO 


f 


S-ection at pole face 

But owing to the special method of coiibti acting the pole-face 
(see Figs 263 and 363), wheieby the entiie suiface is not 
equally effective, a collected section at pole-face should 
be taken, equal to, say 
Mean length of air gap 
Pole-face density (from collected section) 

Ampere turns for gap 


55 squaie inches 


45 squaie inches 
14 in 
66 kilols 
2900 


Cast Sted Foi hon of Gii ouit 

Aveiage cioss-section 39 squaie inches 

Length (magnetic) 7 5 m 

Average density 96 kilols 

Ampere tuins per inch of length 90 

„ foi cast-steel fiame pci pole piece 670 


Each, spool cariies 156 6 turns, and in this motor full field is always 
used, ^e, no poition of the main current is diverted through an auxiliary 
shunt Hence 

Ampeie turns pei held si^ool at full lafcecl load aie equal to 156 5 x 51 = 

7950 ampeie turns 

This magnetomotive force of 7,950 ampere tuins can be considoiod to 
be distnbuted somewhat m the following luaiiiiei 


Armature coie 


Ampere fiuiis 
27UO 

Teeth 


1680 

G-ap 


2900 

Steel Fiaiue 


670 

Total magnetomotive toice per pole piece 

7950 


It IS not intended to convey the impicssion that any high degree of 
accuiacy is obtainable, in these magnetomotive force estimations m railway 
motors, but working fiom the observed results, and from the known 
dimension!:, of the apparatus, and the assumed proiierties of the mateiial 
employed, some rough idea of the clistiibution of the magnetomotive force 
is obtained 
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Thermal Constants 

Ay matui e 

Resistance bet^veen biushes at 95 deg Cent 
Amperes input at lated capacity 
Armatiue R loss at 95 cleg Cent 
Total weight of armatuie laminations incluclmg teeth 
,, observed core loss (only appaiently core loss) 
Watts per lb in armatuie laminations 
Total of aiinatme losses 
Length of aimatiue, ovei conductois 
Peiiplieral radiating suiface of armature 
Watts pei scjuaie inch periplieial ladiating suiface 

F%eld Spools 

Total lesistance, all field spools at 95 deg Cent 
Ciurent in spool winding 
Spool C" R loss at 95 deg Cent 


36 ohm 
51 amperes 
925 watts 


120 lb 


1120 ^\atts 
9 3 „ 

2015 „ 

13 5 in 

165 sc[uare niches 
4 1 watts 


7 b ohm 
51 anipeios 
2000 watts 


CoininiUatoi 


Aiea of bearing suiface of positive bi ashes 

Ampeies per scjiiaie inch of biuslnbeaiing saif ice 

Ohms pei squaie inch of beaiing suiface of caiboii biiislies 

Blush lesistance, positive + negative 

Volts drop at biush contacts 

O'R at blush contacts (watts) 

Blush piessiue, pounds pei square inch 
Total brush piessure 
Coefficient of fiiction 

Peripheral speed of comniutatoi (feet pei minute) 

Blush friction 

Allowance foi stiay powei lost in connuutatoi 
Total commutatoi loss 
Peiiplieial radiation suiface 

Watts per squaie inch peiipheial ladiatmg suiface of com- 
mutator 


1 25 square inches 
10 5 ampeies 
03 ohm 
018 „ 

2 1 volts 
122 watts 
2 lb 
5 n 
3 


1850 ft 
16 ^vatts 

50 „ 

216 „ 

95 squaie inches 


2 3 watts 


Epficienci Estimations 


Output at lated capacity 
Ooie loss 

Commutatoi and biush loss 
Ai mature C-R loss at 95 deg Cent 
Field ,, ,, ,, 

Greanng fiiction 


Watts 

20,200 

1,120 

218 

925 

2,000 

1,200 


Total input 


25,663 


Commercial efficiency at lated capacity and 95 deg Cent =79 per cent 
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WeIC.UTSi 


Aimatuie laminations 

,j complete (with pimon 
Motoi conuplete (without axle gear and gear case) 


lb 

= 120 
= 357 
= 1460 


In Pigs 278 to 283 are given, respectively, curves of D P.B , speed, 
output, core loss, efficiency, and theimal chaiacteiistics. 


Direct-Connected Railway Motor 


This motoi gives an output of 

117 horse-power at a speed of 

23 8 miles pei houi on 42-in wheels 

It contiibutes 1,840 lb to the 

drawbar pull of the 35-ton locomotive, for the equipment of which, four 
such motoi s aie employed Consequently the total diaw-bar pull of this 
locomotive at the above speed is 7,350 lb , but the motor is capable of 
exerting a torque far in excess of this figuie , in fact, up to the limit of 
the tractive effort possible for a locomotive of tins weight, before slipping 
takes place Drawings for this motor aie given in Pigs 284 to 310, and 
its constants are set foith in the folloiving tabularly-arianged calculation 

Numbei of poles 

4 

Diawbai pull at 23 8 miles, pei hoiu 

18 10 lb 

Coiiespondmg speed (miles pei horn) 

23 8 miles 

Speed in feet pei minute 

2100 ft 

Diametei of diiviiig wheels 

1:2 in 

Aimatiue levolutionjs per minute 

190 

Output in foot-pounds pei minute foi abo\ 

e diciwbai pull and 

sp^ed 

3,860,000 

Ditto in hoise-poNver 

117 

„ kilowatts 

87 5 

Couespondmg kilowatts input 

95 8 

Teiminal voltage 

500 \olts 

Cm lent input 

192 ampeies 

Fi eqiieiicy m cycles pei second 

6 35 cjmles 

Dimensions 


A'tyiicUwe 


Diameter ovei all 

221 in 

Length ovei conductors 

ISf „ 

Diameter at bottom of slots 

19 04 „ 

Internal diametei of core 

„ 

Length of coie over all 

28 „ 

Efiective length, magnetic non 

25 2 „ 

Pitcli at ai mature surface 

17 7 .. 
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Japan insulation between laminations 
Thickness of laminations 
Depth of slot 
Width „ at root 

,j ,, smface 

Nuinbei of slots 
Minimum width of tooth 
Width of tooth at armature face 
,j conductoi 

Depth j, 

Appaient cross-section of armature conductoi 
This IS a piessed stranded conductoi, made up of 49 stiands 
of No 19 B and S gauge The cross-section of a No 
19 gauge wiie is 0101 square inch, hence the cioss- 
section of the 49 stiands is 49 x 0101 


10 pel cent 
025 in 


1 73 
52 
52 


?5 

?J 

3J 


61 


463 m 


635 

10 

60 


5J 

J) 


060 squaie iiiclies 


0495 square inch 



[ HhN 

jN jl 7 M MA! 

L 


But allowance must also be made for the increased lesistance 
due to the increased length of the individual strands 
when twisted in the process of foimmg Hence the 
equivalent cross-section of solid coppei should be esti- 
mated at 046 square inches 


This was the expenmentally-determined value in this case, and is 
fairly representative of stranded conductors of about these dimensions 


Magnet Coie 

Length of pole-face 
„ arc 
Pole arc — pitch 
Length of magnet coie 
Width 

Diametei of bore of field 
Length of gap clearance above armature 
jj ,, below „ 

C ommutato'i 


Diameter 

Number of segments 


)» 


per slot 


28 in 
13 2 „ 

73 pel cent 
28 in 

9] „ 

r> 

iF JJ 
\ 33 


183 

3 


33 
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117 Sorse-Potver Paihoay Motor 


Width of segment at commutatoi face 

286 in 

„ „ loot 

200 „ 

Thickness of mica insulation 

04 „ 

Available length of suiface of segment 

8 „ 

Bt uslies 

Number of sets 

2 

„ in one set 

4 

Length (ladial) 

24 in 

Width 

4 » 

Thickness 

1 1 

TF 

Aiea of contact of one biush 

1 2 squaie inch 

Type of blush 

Radial carbon 

Materials 

A 1 mature core 

Sheet Steel 

„ spidei 

No 3 metal 

j, flanges 

Cast non 

,, conductors 

Piessecl stranded 

Commutator segments 

coppei 

Coppei 

„ spider 

Malleable cast ii on 

Pole*pieces 

Sheet steel 

Yoke and magnet coies 

Cast ,, 

Brushes 

Caibon 

Technical Dat\ 

Teiminal voltage 

500 volts 

Number of face conductois 

366 

Oonductois pei slot 

6 

Numbei of cii cults 

2 

Style winding 

Single 

Giamme iing oi diiim 

Dium 

Type constiuetion of Hiding 

Ban el wound 

Mean length of one aimatuie turn 

103 in 

Total aimatuie turns 

183 

Turns m senes between brushes 

91 

Length between blushes 

9400 in 

V'litual cioss-section of one aimatuie conductoi 

046 squaie inch 

Ohms per cubic inch at 20 deg Cent 

00000068 

Resistance bet-ween brushes at 20 deg Cent 

070 ohms 

70 

)> jj n >> 

084 „ 

Volts dlop in aimatuie at 70 deg Cent 

16 volts 

Mean length of one field turn 

95 m 

The winding on the small spools consists of 

fifteen turns whose 

section is made np of two strips of 050 in by 875 

in ^ in multiple with 
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two of 060 m by 875 ui Insulatioa between turns consists of a 
thickness of 010 m of asbestos 

Oioss-section of field conductor on small spools 193 square inch 


The Winding on the large spools consists of seventy-six turns, whose 
section is made up of a stiip of 050 in by in , in multiple with one of 
.060 in by 2-^ in 

Oioss-section of field conductor on large spools 234 square inch 


Total turns on all foui spools — all are in series 
Resistance of two small spools at 70 deg Cent 
)} jj laige ,, „ 

Total spool lesistance at 70 deg Cent 
Volts of drop in field 

Resistance of biush contacts (positive + negative) 
Volts of diop in blush contacts 

,, ,, armatuie, field, and brushes 

Oountei electioinotive foice of raotoi 
Amperes pei squaie inch in armatuie winding 

,, „ winding of small spools 


182 

012 ohm 
047 „ 
059 „ 

11 volts 

012 ohm 
2 volts 

29 „ 
471 „ 
2100 
1000 
820 


Commutahon 

Average voltage between commutatoi segments 

Armatuie turns pei pole 

Amperes pei turn 

Aiinatuie ampeie turns per pole 

Fiequency of commutation, cycles pei second 

Numbei of coils simultaneously sbort-ciicuited per biush 

Turns per coil 

Number of conductois pei gioup simultaneously iiiidei going 
commutation 

Flux: pel ampeie turn per inch of length of armature lamina- 
tions 

Flux linked with six turns with one ampeie in those tuins 
Inductance of one turn 

The aimatuie having a two circuit winding with foui poles 
and only two sets of buishes, theie aie two such turns in 
series, being commutated undei the biush, and their 
inductance is 

Reactance of shoit-cuciiited turns 
Amperes in n » 

Reactance voltage of shoit-ciicuited tuins 


10 7 
46 
91 
4200 
138 
3 
1 

6 

20 

3360 

0000336 henrys 


000067 henrys 
058 ohm 
91 

5 3 volts 


Magneto-motive Force Estimations 

Megalines enteiing aimatuie, pei pole piece 
Coefficient of magnetic leakage taken at 
Megalines in magnet fiame, pei pole-piece 







POUNDS DRAW BAR PULL OH ^ WHEEl^ 


117 lIoTbe-Puirer Railway Mote'll 


A? laatii'i e 
Section 
Density 

Length, magnetic 
Ampeie turns pei inch of length 
,, for armatuie coie 


240 square inch 
86 kilohnes 
6 in 
40 
240 


DIRECT CONNECTED RAILWAV MOTOR 

Fvg 3Z0 SATURATION GURV'E 

When driven on open circuit ac 130 rpm, Field 
--7 ■ ... ^ .. ^ Separately Excited 



0 20 40 €0 w mm; iw leo wo 200 220 200 2eu 200 suo 


Pcq 3Z1 



DIRECT CONNECTED RAILWAY MOTOR 
CUR\/ES 


niTonr-rand with brushes raised 



0 40 eo 80 wo 120 100 ISO m 200 ?uo . 


DIRECT CONNECTED RAILWAY MOTOR 
~ CURVE OF COMMERCIAL EFFICIENCY - 


50 Q volts and 70 Cent 



0 20 40 60 so WO 120 140 160 ISO 200 ULO 2-W 2(0 230 SOP 


Tiansmitting flux fiom one pole-piece 

Section at loots 

Length 

Apparent density at loot tooth 
Collected ,, „ 

Ampeie turns pei inch of lengtli 
foi teeth 


152 squaie inches 
1 73 in 
137 kilolines 
127 „ 

1000 

1730 
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Gap 

Section at pole-face 

Length gap, avetage of top and bottom 
Density at pole-face 
Ampere turns foi gap 

Cast-SteH Po'thon of Giicmt 

A\eiage cioss-section 
Length, magnetic 
Average density 

Ampeie turns per inch of length 

Ampeie turns for cast-steel frame (per pole-piece) 


370 squaie inches 
28 in 

56 kilolines 
5000 


240 squaie inches 
17 in 

102 kilolines 
105 
1780 


In the following Table is given the estimated subdivision of the 
magnetomotive force observed among the different portions of the magnetic 
circuit — 

Ampeie Turns 


Armatuie coie 240 

,, teeth 1730 

Gap 5000 

Cast steel f i am e 1780 

Total ampeie turns pei field spool 8750 


The field excitation is furnished by two small spools on the top and 
bottom poles, and two large spools on the other two poles There being 
fifteen turns per small spool, and seventy-six pei large spool, the average 

excitation pei spool at full lated load is x 192 = 8,750 ampeie 


turns 


Armatwi e 


Thermal Constants 


Besistance between brushes at 70 deg Cent 

Amperes input at lated capacity 

Armature C^K loss at 70 cleg Cent 

Total weight of armatuie laminations, including teeth 

Watts pei pound in aiTuatuie laminations 

Total coie loss (appaiently coi e-loss) 

„ of aimatuie losses 
Peripheial radiating suiface of aimatuie 
Watts pel squaie inch peripheial ladiating suiface 


084 ohm 
192 anipeies 
3100 watts 
1900 lb 
1 15 watts 
2200 „ 

5300 „ 

3250 squaie inches 
1 63 watts 


Fxdd Spools 

Total lesistance of foui field spools at 70 deg Cent 
Spool C’^R loss at 70 deg Cent 


059 ohms 
2200 watts 
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Conwiu*ator 

Aiea of bearing surface of all positive buishes 

Amperes per square inch of bi ush-bearing suiface 

Ohms pei square inch of bearing surface for carbon blushes 

Brush resistance, positive + negative 

Yolts drop at brush contacts 

C"R at brush contacts 

Brush pressure, pounds per square inch 

Total blush pressuie 

Coefficient of fiiction 

Peripheral speed commutatoi, feet pei minute 
Blush f notion 

Allowance foi stray powei lost in commutd-toi 
Total commutatoi loss 
Radiating surface 

AVatts per squaie inch of ladiating suiface 


-t 8 square inches 
40 amperes 
03 ohm 


0125 „ 

2 4 volts 
460 watts 
2 1b 
19 2 „ 


3 

915 


120 Avatts 
150 „ 

730 ,, 

510 square inches 
1 43 watts 


Efficiency Estimations 
Output at rated capacity 
Core loss 

Commutator and biush loss 
Armature loss at 70 deg Cent 
Field spool C-R loss at 70 deg Cent 

Total input 

Commercial efficiency at lated capacity and 70 deg. Cent 


Watts 

87,500 

2,200 

730 

3,100 
2,200 , 


95,730 ^ 
913 per cent 


AYeights Lb 

Weight of armatuie laminations 1,900 

Total Aveight of armatuie coppei 270 

,, with commutator 3,000 

Total Av eight of spool copper 1,300 

,, flame Avith field coils 9,000 

Total Aveight of motoi 12,000 


Insulation resistance, measuied on 500 volts ciiciiit, was, for the 
average of several motors, 2 megohms from frame to windings of 
armaUue and field, at 20 deg Cent , and 30,000 ohms at 70 deg Cent 

The results of experimental tests of efficiency, saturation, speed, 
torque, and core loss, are given in Figs 320 to 323 
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Commutators and Brush Gear 

A number of illustrations of vaiious types of commutators are give 
m Figs 324 to 340 Figs 324 to 331 illustrate designs widely employe 
in traction motors, that of Figs 330 and 331 being used on a 100 horse 
power direct-connected motor, the three former in smaller, geared motors 



Moores Jra/eeUffciUorty of ihe JtelxxSxone beb^eerv 
fuesuptojice of* CCLrhd)rvJbrusJi/ Contacts cuzd, Ourrent 
Density unjAmp^cs per eqiuxrelnchy of Canlojdbdixrfaix^ 
Arrou/igernsnt of* Apparatus 
Mseistccnce rruMsureA fhonvAtoD 



Figs 332 to 334 give some early designs of Mr Parshall’s, whic 
have been much used with general success in many later machine 
especially traction generators Other useful modifications and alteinati' 
designs are shown in Figs 335 to 340, the last one being employed in 
1,600-hilowatt generator 
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Commutator segments should preferably be diawn, although good 
results have also been attained with diop-foiged segments, cast segments 
have been generally unsatisfactory It is not on the scoie of its supeiioi 
conductivity that wrought- copper segments aie necessaiy, since the loss 
due to the resistance itself is negligible, but it is of piimaiy impoitance 
that the material shall possess the gieatest possible uniformitj'' throughout, 
and freedom from any sort of flaw oi inequalitj'' Any such that may 
develop duiing the life of the segments will render the commutator 
unequal to fuitliei thoroughly satisfactoiy service until turned down or 



otherwise remedied, as the effect of uneven wear, once staited, is tumu- 
lative For similai reasons gieat care must be exeiciscd in the sckttion 
of the mica foi the insulation betAveen segments, it should inefeiably be 
just soft enough to wear at the same rate as the coppci, but slmuld in 
no event wear away moi e slowly, as undei such conditions the commutatoi 
will not continue to present a snitablj?- smooth siiifacc to the biush 

The Avriters have found the method of piedetermmmg the com- 
mutator losses and heating, set forth briefly on page 112, to give very 
good results, and to amply cover practical deteiniinatious But an 
intelligent handling of the subject of the relations existing betvccn 
commutatoi speeds, brush piessuie, and contact resistance, is lacilitated 
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Contact Resistance oj Brushes 

by cl study of the results of tests that haA’^e been made, showing thi 
dependence of these values upon Amrious conditions 

The most complete and careful tests on carbon brushes at piesen 




available, appear to be those conducted by Mi A H Moore, in 1898 
and the results are graphically represented in Figs 341 to 344 Ir 
Fig 341 is given a sketch showing the disposition and nature of tin 
parts A rotating cylinder. A, of 6 8 in diainetei, of cast copper, took tht 

2 a 
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place of a commutator, and tins introduced an element of doubt as to 
whether a segmental structure of haid-drawn copper segments and mica 
would have given the same lesults But inasmuch as the constants 
derived fiom these tests agree with those which liaAm been found to lead 
to correct predictions of the peiforniance of new commutators, it may 
be safely concluded that this point of dissimilarity was of no special 
consec|uence In all other respects the tests seem especially good The 
set of tests also includes values for the resistances of the brush holders, 
but with good designs of brush holders the resistance should be negligilde , 
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hence it has been deemed advisable not to divert attention horn the 
important results relating to contact resistance, by the addition of those 
less useful observed values 

Ml E B Raymond has, m America, conducted tests on this same 
subject Some of the results for carbon brushes are shown in the curves 
of Fig 345, and it aviU be obseived that, for all practical purposes, his 
results, like Mi Moore’s, lead to the general rvorking constants given on 
page 112 

Dr E Arnold, in the EleJUrotechtiische Zeitschrift, of Januarj^ 5th, 
1899, page 5, described inAmstigatioiis on both copper and carbon brushes. 
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from which have been derived the curves set forth in Fig 346, showing 
the relative values for the contact resistances in the two cases Dr Ainolcl 
also jioints out that while the coefficient of friction for carbon brushes 
on copper commutators is in the neighbourhood of 3, he has found 2 
to be a moie suitable value for copper-gauze brushes But in the 
absence of thorough tests in support of this, the writeis would be 
inclined to continue using a coefficient of 3 foi both carbon and copper 
blushes 

Of couise, all values I’elating to this whole mattei of commutatoi 
losses must necessarily be, in practice, but little bettei than veiy roughly 
apjiroxiinate, as they are so dependent upon the material, quality, and 
adjustment of the brushes, and the condition of then suifaees, as also upon 
the constiuction, condition, and mateiial of the commutatoi and biush 
holdeis, and — fully as impoitant as anything else — upon the electi omagnetic 
piopeities of the design of the dynamo 

A collection of designs of biush holdeis foi generatois and railway 
motois, aie given in Figs 347 to 365, the first six (Figs 347 to 352) 
being for use wnth radial caibon blushes on traction motois, wheie the 
diiection of running is frequently leversed In Figs 353 and 354 is 
shown a brush holder which has been used on a 3 hoise-power launch 
iiiotoi, foi leveisible lunniiig, with caibon blushes Figs 355 to 358 
illustiate useful tyjies foi geneiators with caibon brushes, and in Pig 359 
IS shown a holder designed for a coppei -gauze brush 

The Bayhss leaction brush lioklei, shown in Pigs 360 and 361, is one 
of the latest and most successful developments in biiish-holdei design 
Anothei design, Avheie the holder is constiucted laigely of stamped 
paits, IS given in Figs 362 and 363 The holder shown m Figs 364 
and 365 is essentially a modification of the design repiesented in 
Fig 357 

Of caibon blushes, a wide range of grades have been used, ranging 
from the soft, amoiphous, graphite brushes, up to hai'd, lather ciystalline, 
carbon brushes The latter have the lower specific resistance,^ a lower 
contact resistance, and a lower coefficient of fiiction on coppei com- 
mutators, and are foi most cases much to be preferred Tests made by 


^ Some types of giaplute biiislies have a lower specihc resistance than some types of 
caibon brushes A gieat deal depends upon the composition and upon the methods of 
maniifactuie By vaiying these, a wide lange of specific lesistances may be obtained, both 
for caibon and for giaphite blushes 
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Mr Raymond, show the extent of these differences between graphite and 


carbon brushes of two representative grades 

Table L — Ea\mond’s Tests on GfiAPHtTr and Carbon 

Brushes 

Ampeiea pei Supiaio Inch of 

Ohms pei bquaie Inch 

ot 

Biash-beaiiiig Suiface 

10 

Biusli healing Suiface 

(vraphibe 

075 

Carbon 

048 

20 

01-5 

035 

30 

033 

026 

40 

027 

022 

50 

022 

019 

bO 

010 

017 

70 

017 

— 

SO 

015 

— 


The above results were obtained at peripheial sfieeds in the neighbour- 
hood of 2,000 ft per minute, and with brush pressuies of about 1 3 lb pei 
square inch 

While the coefficient of fiiction for caibon blushes is about 3, 
Mr Raymond obtained the value of 47 for these graphite brushes 

The specifac resistance of a good grade of carbon brush is 2,500 
iincrohins per cubic inch, i e , about 4,000 times the resistance of coppei 
Another objection to giaphite biushes, at any late on higher potential 
commutators, say 500 volts, is that they are liable to have their contact 
surface giadually pitted out to a gi eater extent than occurs with the 
hard-grained, coarser carbon blushes Nevertheless, the mattei of 
olitaining the best commutating conditions for each particular case, still 
remains partly experimental, and graphite brushes have, in ceitam instances, 
been found helpful, although the commutatoi suiface requires more con- 
stant attention to be kejit clean and bright , indeed, with soft graphite 
brushes it is almost impossible to obtain such a hard, glazed commutatoi 
suiface, as with coarser, harder caiboii brushes 

There are very many moie varieties of brushes, made of all sorts of 
materials, and giving many intermediate grades of lesistances, lying 
between the limits of caiboii and copper It is not worth while to attempt 
to classify and describe these varieties of brushes , their relative meiits are 
dependent partly upon the choice of materials, but still more upon the 
methods of constructing the brush from these materials Scaicely any 
one type of brush and giade of resistance, is suitable foi any considerable 
range of variety of dynamo-electiic machine. 
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ROTAEY CONVERTERS. 




ROTARY COYYERTERS./ . 

\ . 

A ROTARY convertor is, structuially, in many respects similar to 
a continuous-current generator, the chief outward difleience consist- 
ing in the addition of a number of collectoi rings, and in the commutator 
being very much laiger, in comparison with the dimensions of the rest of 
the machine, than in an ordinaiy contmuous-cuirent dynamo Under 
the usual conditions of running, the armature is diiven, as in a plain 
synchionous motor, by alternating curient supplied to the collectoi rings 
fiom an external source Superposed upon this motor cuiient in the 
armatuie winding, is the geneiator current, which is delivered from the 
commutator to the external circuit, as continuous curient Occasionally 
rotary converteis are used for just the opposite purpose, namely to convert 
continuous into alternating cm rent AVitli this lattei arrangement, how- 
ever, some sort of centrifugal cut-off governor should always be used, as 
the reactions on the field strength occasioned by sudden changes in the 
alternating cuiient load, may so weaken the field as to cause dangeious 
increase of speed But in by far the greater number of cases, the appa- 
ratus IS employed for transforming from alternating to continuous current 
The most interesting propeity of a lotaiy conveiter, is the overlapping 
of the motoi and generator currents in the armatuie conductois , m virtue 
of which, not only may the conductors be of veiy small cross section foi 
a given output, fioin the theimal standpoint, but, the armature leactions 
also being neutralised, large numbers of conductors maj'" be employed on 
the armature, which permits of a very small flux per pole piece, and a 
correspondingly small cross section of magnetic circuit But the commu- 
tator must be as large as for a continuous-current geneiator of the same 
output, hence a consistently designed rotary conveiter should be charac- 
terised by a relatively laige commutator, and small magnetic system Thib 
IS best achieved by an aimature of faiily large diameter and small axial 
length, and this, furthermore, gives room foi the many, though small, 
armature conductors, and for the many poles required for obtaining reason- 



Rotury Converters 


Is at economical periodicities Tlie meclianical limit imposed by 
d force, becomes an important factor in the design of the armatiiie 
mtator of a rotary converter, as compared with continiious-cui i eiit 
s 

Dine installations, a good deal has been heard of “ surging” troubles 
,mg rotary converters These were largely due to insufficiently 
angular velocity of the engine driving the Central Station gene- 
hose power was ultimately used to operate the rotaiy converters 
c of miifoimity in angular velocity, had the effect of causing cuniu- 
eillations in the rotary converters, in their efforts to keep perfectly 
ronisin with the direct-driven generators throughout a revolution 
used especial difficulty when it was attempted to operate several 
jonverters at different points in parallel The true solution for 
ifficulties IS to have engines of such design as to give uniform 
velocity In describing the proper lines on which to design rotaiy 
jrs, it will be assumed that this condition, as regards the generating 
been complied with , otherwise it is necessary to employ auxihaiy 
to counteract such causes, and theie results a serious loss in 
Y, through the dissipation of energy in steadying devices 


[ OuTroT IN Tekms op Output or CoNiTNUOUs-OuEin!.NT Genekatoe foe EyuAXi 

LOhS IN A.H1MATUEE CONDUCTOES FOE UnITV PoMEE FaCTOR AND ON TUE 

ihption op a CoNVFiEsioN ErFiciENC\ or 100 Ppr Cent 


'ypc of 
/ Con\ cLiei 

Numbci of 

CoUontoi Ruig'i 

UmfoLin Distiibution of 
Magiielio Flux ovci 

Pole Face Spanmng Eiitue 
Polai Pituli 

Uiiifoiui Dirstnbution of 
MigQLtic Flu-v o\ ei 
SuiflCb of Pule 1 
fepaumng b7 Pei Ceiit ut 
Eutue Polai Pitch 

liasc 

2 

1 

85 I 

bb 

1 5 

3 

1 34 

1 38 

1) 

i 

1 64 

1 67 


6 

1 96 

1 98 

3) 

12 

2 24 

2 26 


’he extent to wk Jr the motor and generator currents neutialise one 
er, and permit 6f small arn.-'tuie conductors to cany the lesi ua 
it, vanes with the numhei ok phases Table L.I gives e ou pu 
otary converter for a given R loss m the aunatiire conductors, 
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itn^rms of the output of the same ai mature when used as a continuous- 
eunent geneiator, this latter being taken at 1 00 

Table LII shoM’'s the extent to which the preceding values have to be 
modified for power factois other than unity 

Table LII — Output in Terms op Output op ^Continuous-Current Generator foe 
Equal C-E Loss in Armature Conductors for 100 Per Cent Efficiency, and 
FOR Uniform Gip Distribution op Magnetic Elu\ over a Pole Pace Spanning 
67 Per Cent op the Polvr Pitch 


pe of 

Rotaiy Com citei 

N’umbei of 
Collectoi Kings 

1 ou 

Po-wci FtiLtoi of 

0 90 

0 SO 

Single pliase 

2 

ss 

81 

73 

Thiee „ 

3 

1 38 

1 28 

1 17 

Foul ,, 

1 

1 

1 67 

1 60 

1 U 

Six 5 , 

6 1 

1 98 

1 92 

1 77 

Twehe ,, 

12 

1 

2 26 

2 20 

i 

2 05 


The writers have investigated by graphical and other methods the 
subject of the R loss in the aimature of a thiee-phase rotary converter, 
m comparison with the R loss for the same load deliveied from the 
commutator when the machine is used in the ordinary way as a mechani- 
cally driven continuous-curient dynamo Not only aie the lesults of 
consideiable value, but a study of the graphical method of investigation 
pursued leads to an understanding of many interesting featuies of the 
lotary conveiter 

As a basis for the analj'^sis, Figs 366, 367, 368, and 369 were prepared 
In Fig 366 aie given sine curves of instantaneous curient values m the three 
sections of the aimature winding (as it would be if the alternating cuirents 
alone were present), and also the coiiesponding curves of resultant cuiient 
in the three lines leading to the collector lings The fiist thiee cuives are 
lettered a, h, and c, and a current clockwise diiected about the delta is 
indicated as positive The line cun ents are derived by Kirchhoff’s law that 
the sum of the cuirents from the common junction of several conductois 
must always equal zeio Oiitwaidly directed cuiients are considered 
positive These curves of resultant line current aie designated in Fig 366 as 
a-h, h-c, and c-a Thirteen oidmates, lettered from A to M, divide one com- 
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ycle up into 30 deg sections In. Fig 367 are given diagrams of line and 
Lg currents from each of the ordinates from A to F The remainder, 
om G to M, would merely he a repetition of these An examination 
that these six diagrams, so fai as relates to curient magnitudes, are 
1 kinds, of which A and B are the types In A, the three current 
i in the windings, aie respectively 0, 867 and — 867, whilst these 
le in B, ,5, 5 and — 1 00 Hence it is sufficient for practical purposes 
dy the current distribution m the aimatuie conductors, corresponding 



positions A and B, and to then calculate the average C^R loss for these 
1 positions For this purpose, developed diagrams have been mapped 
j in Figs 368 and 369, for the winding of a rotary conveiter, from whose 
iiniutator 100 amperes at 100 volts are to be dehveied from each pair 
)Sitive and negative), of brushes The number of poles is immaterial 
li armature has a miiltijile-ciicuit single winding, and it may be assumed 
it there are two conductors pei slot, though this assumption is not 
cossary It ivas thought best to take a fairly laige number of conductors, 
d to take into account, just as it comes, the disturbing influence of the 
iislies, wdiich somewhat modiiies the final result Of coiiise, this 
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disturbing influence would vai’y with the width of the brushes C 
parativcly naiTow blushes are shown, and this will tend to oft-set 
iiumbei of conductors’ being eonsideiably less than would be takei 
practice for this voltage 

The assumption is made that the rotaxy converter is of 100 per c 
efficiencj’’, only calling for an injiut ecpial to the output To su]^ 
100 ampei’es to the commutator brushes calls for 50 ampieres per coiiduc 
so far as the continuous-current end is conceined This is showi 



direction and magnitude by anoivheade and figures at the lower eiK 
C <3 vertical lines lepiesentmg face conductois 

100 volts and 100 amperes give 10,000 watts pei pair o i 
Therefore, input per phase - 3880 watts Volts between collectoi 
= volts ^e. winding - 100 x 618 - 61 5 volts* Amperes per wii 


3330 
G1 5 


= 54 amperes (effective) In this analysis, which cons 
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Value., have alieady been given on pages 81, S5, and 60, 
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Rotary Converters 

mstantaneous values, a sme wave current curve has been assumed, working 
from the maximum value of 54 x ,,^2 = 76 5 amperes 

When the current is in phase with the electromotive foice, the 
distiibution of things for positions A and B lespectively, is as shown 
in the diagrams of Figs 3G8 and 3 69 Theie are 48 conductors, coi respond- 
ing to two poles, and these are iiunibeied from 1 to 48 Any 48 successive 
conductors will give the same result The values and arrowheads at the 
upper part of the lines representing the face conductors, give the 
instantaneous values and directions of the currents corresponding to 
the instantaneous conditions The figures and airowheads at the middle 
of these lines give the instantaneous values and diiections of the resultant 
cuiients These results aie also given in Tables LIII and LIV , wheie a 
current from bottom to top is regarded as positive, and from top to bottom, 
as negative There are also given values foi lagging currents, the results 
from which show a rapid use in C^R loss 

These lesults are summed up in Table LV, the figures given being 
the average foi positions A and B — 

Table LV — Per Cent that Armature C^R Loss is of that op same Armature in a 
Continuous-Current Generator for the same Output, assuming 100 Per Cent 
Conversion Efficiency 


Powei Factoi 

Per Cent 

100 

6S 

87 

85 

50 

375 

0 

00 


Some inclefiniteness is introduced by the exact position and width of 
the blushes under the condition of power factor of unity, the results foi 
this value being higher, in proportion as the nuiiiber of conductors per 
pole IS low But foi the othei values of the power factor, this indefiniteness 
does not appear. It will be noted that, just before reaching the position 
of shoit-circuit under the brush, the cuirent is often the sum of the 
alternating and continuous cuirents 

Throwing the results into the above form, bungs out forcibly the fact 
that it is only for comparatively higli-power factors that the residual C^R 
loss IS so greatly decreased 
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Single-Phase Rotary Converters 

The winding is eomiected up to the coimiiiitator segments, exact' 
for an oidinary contiimous-ciirrent dynamo For the alternating-cui 
connections the winding is tapped, for a two-circuit winding, at some 
point, to one collector ring Then after tiacing through one-half of 
armature conductors, a tap is earned to the othei collector ring This 



Winding for a SiNGLE-PnASE Rotary Converter Two-Circuit Single Windinc 
64 Conductors, Sin Poles, Pitch 11 


of a two-circiiit single wiiichng, connected up as a single-phase 
converter, is illustrated in the winding diagram of Fig 370, which i 
to a six-pole aimature with 64 conductois 

In Fig 371 IS given a diagram for a six-pole single-phase 
converter, with a two-eireuit singly re-entrant triple winding 
winding has 72 conductors Single-phase rotary conveiteis, wit] 



Winding for a Single-Phase Rotaey Converter Two-Ciecuit Singly Re-entrant 
Triple Winding with 72 Conductors, Six Poles, Pitch 11 



72 Conductors, Six Poles, Front Pitch 13, Back Pitch 11 


WITH 
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Advantages of Pohj 2 ')hase over Single-Phase Rotaries 

circuit multiple winding',, liai'-e tivo taps per winding, hence the two-circu 
triple winding of Fig 371 has 2x3 = 6 eqni-distant taps 

In Fig 372 a six-circuit single winding, also with 72 conductois, 
connected up as a single-phase lotaiy converter For such a windm 



Winding tor a. Tiikee-Piiase Rotary Converter Six-Circuit Single Winding wn 
108 Conductors, Six Poles, Front Pitch 19, Back Pitch 17 


there are two taps per pair of poles, hence six taps in all, the windi 
being divided up into six equal sections of 12 conductois each 

In single-phase rotaiy conveiters, the oveilapping of the conmiutai 
and collector-ling curients is so much less complete than for multipha 
as shown alieady on pages 284, 285, Tables LI and LII , as to render th 

2 Q 



Rotary Converters 

ry uneconomical, beCcWe of tlie i educed output in a given maeliine 
IS the further di=>advantage that a single-phase rotary cannot be 
) to synchronism from the alternating-current side In general, the 
ion of single-phase rotary converters is distinctly unsatisfactory, and 
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DING FOR A Three-Phase Rotary Converter Tavo-Circuit Single "WiNDiNfr with 
90 Conductors, Eight Poles, Pitch 11 

are rarely used except for small capacities An examination of tlie 
[mos shows that, clue to the distnbiition of the condiictois over the 
e peripheial suiface, the turns in series between collector rings are 
r simultaneously linked vath the entire magnetic flux , in fact, sueli 
Liding used as a pure alternating cuirent single-phase generator, gives 



Adoantages oj Polyphai,e over Aingle-Phnse Potanes 

but 71 pel cent as gieat a voltage at the collector imgs as the s 
machine used as a coiitiiiuous-curient djuiamo would give at 
commutator ^ The ratio of the outputs, under such conditions, is 
equal loads m the arniatuie conductois, 71 100 It will be seen m 
following that this is largely avoided when the winding is subdivided 



polyphase connections, and the lelative advantages of these diffeii 
polyphase systems is largely dependent upon the extent to which they < 
fioe fioni this objection. 

1 A discussion ot the latio of conimutatoi and collectoi-nng voltages in lotaiy conseil 
has aheady been given on pages 84 to 86, m the section i elating to Foimul.e toi Elec' 
luoLive JFoice 



) Rotary Converters 

Three-Phase Rotary Converters 

The earliei I’otaiies were geneially operated as three phasei'^, the 
bput for a given C^R loss in the armature winding being 38 per cent 
iater than for the same armature as used in a contmuous-cuirent 



NDINR FOR A Si’?:-PhASE RoTARY CONVERTER SiX-CiRCOIT SlNGLE WINDING VITII 108 

Conductors, Sit Poles, Pitch, Front 19, Back 17 


lerator To-day, however, most rotaries are being airanged to be 
irated either as four or six-phasers, with the still fuithei advantages 
67 per cent and 98 pei cent increased output lespeetively, foi a given 
ding m the aiinatiire conductors These aie the values gnen m 
lie LI 



riiree-PJime liotanet. 30 ] 

I' ui tlueo-i,]ui,se lotaiy conveiteis, there are thiee .sections pei pan 
-f po -s ,n nuiltq.lo-cuuit .single winding,., and thiee sections pei pan 
<' [IOCS per winding m iniiltiple-circiiit multiple windnig.s Theie au 
uoe sections pei winding, legardle.Ss of the number of pans of pole,= 






■ ' 


° j* 

f lO) k\j 0, 


WjNDiNt, rou A iSt\ PirASL HoT\R\ Coi^YCRTEr Two-Circuit Single Winding with 90 
Conductors, Eight Poles, Pitch 11 


111 two-circuit windings Thus, a six-pole machine, with a six-circuit 
tn[)lc winding, would have ^ x 3 = 9 sections At equal ninths thiough 
the winding fioiii beginning to end, leads w^ould be earned to colleetoi 
inigb, tbiee leads to each of the thiee collectoi iings But if 
the ai mature had had a two-circuit double winding, theie would have 















Rotai'jj Cfoiorertem 

e sections pei winding, legardless of the number of poles , 
s two-ciicuit double winding theie would be 2 x 3 = 6 
;ix leads to the three collcctoi imgs In Figs 373, 374 and 
1 diaguuus of thiee-phase rotary conveitei windings, fioni a 



ich familiarity with the inheient characteristics of such windings 
lined The most distinctive characteristic is the ovei lapping 
of the conductors of the three phases, m consequence of 
>116 portion of the peripheiy of the ai mature cariies conductors 
,o two phases At one poitioii, the conductors will belong 
to phases 1 and 2, then to 2 and 3, and then to 3 and 1, then 
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Siv-Pha^te Rofarw"^ 


,io!uu to 1 and 2, tlie lepotition occm-j'ini^ oneo pel- pair of jiolcs 
oonso([uenee of tlin jnopeity, tlie (oiiduetois of any one plias 
disti il)iit('d over two-ilind'; of tlie cntiK' peiipliei y, and wlion the 
of tlio magnetic IIuk evcocds one-thnd of the polai jntcli — and 
generally, Avbcn spieading is considorod, at least ihrce-f|uarteis f 
])olar pitch — rdl the turns of one phase AVill not ho simultant'ously 
with the entire flu\y and the consequence is a lower alternatiiig-ci 
voltage ])or ]>hase than if siniultaneous linkage of all the turns ( 
])hase with the ontiie flux oecnried Tfenee, for a given heating, the < 
IS hiintod, fdthough already, lieransc of inoie efleetive link.ige of 
and flux, fid pei cent Ingher than foi single-phase rotaiies 


SlX-PlIASK flloTAHV CoNVKHTKR 

This disadvantage is mainly oveieoinc iii the so-calleil six-pliasc' i 
convcrtci, in which — as will appear later — the eonduetors of an 
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phase aio distrilmied ovci only one-tlind of tlic' pci iiHicry, 

icsuli of wlufli ail almost siniiilt<iiieoiis linkage of all the tiinis o 
])hast‘, with tlic cntiic luaonctie Ilux:, is ()htai]U‘d T]u‘ losullant o 
of su(‘h a machine, Jcu a yiveii lieatim-f of the annatuie conclu 
im i‘(‘as(‘S, as statc'd lu Table LI on pa^o 2SI, in tlie latio of 1 to 
/ c' , l)y I I ])c‘i emit lieyoiid that of an oidmaiy throc-])haso inadiiiie 
(1 mattm ol faet, tins so-called si\-])]iase is only a specnal case of 
phase anaiioeinimt Tins distinction will ho sulistMjuenil}^ made deal 
kn>s rT77, and 378 are the s<iine winding dia,!L>iams as foi 
17 I, and 375 (pa.i^es 297, 298, and 299), hut with tlie eonne^r tions imn 
so-called ^dsi\-])hase,’’ wntli si\ collectoi iings Tins lecfuiies iii csach 
siil)(lividni,^ the wmdini^ up into just twnco as many sections as fo 
(*asc‘ of tin ee-pliase windings A study of lliese wundings wnll slmv 
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!&4 


nth these connectionb with six sections (wheie before there weie tin ee), 
he fii.-^t and fourth, second and fifth, and thud and sixth, taken in pairs, 
pve a distiibution of the conductois, suitable toi a tliree-phase winding, 
lach of the above pans constituting a phase I'm theriiiore, eachpoitioii 
if the peripheiy is now occupied exclusively by conductors belonging to 
me phase, le, the fiist and fouith gioups, the second and fifth, or the 
Iiid and sixth, and in this way is distinguished from the previously 
lescribed thiee-phase windings in which the phases ovei lapped 

This distinction will be made more cleai by a study of the diagrams 
pven 111 Iig 379 
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Interconnection or Static Transformers and Eotary Converters 

For till ee-phase lotaiy converteis, the trail sfoi mens should preferably 
>e connected m “ delta,” as this peimits the system to be operated with 
wo tiansformeis m case the thud has to be cut out of circuit temporarily 
or repairs 

A satisfactory method of connection is given in Fig 380 

Foi six-phase lotaiy converters, either of two arrangements will be 
atisfactory One may be denoted as the “ double delta ” connection, and 
be otliei as the “ diametiical ” connection Let the Minding be represented 
y a cncle (Fig 381), and let the six equidistant points on the circuinfeience 
ejiiusent collector rings, then the secondaiies of the tiansfoimeis maybe 
onnected up to the collector lings in a “ double delta,” as in the hist 
lagiani, oi acioss chametiieal pairs of points as in the second diagiain 
n the first case it is necessary that each of the three transfoimeis haie 




Six-Phase Rotaries 


two mdepenclent secondary coils, as A and B and BS C and C\ w 
in the second case there is need for but one secondary coil per tiansfi 
The two diagrams (Fig 382) make this clear 

In the fiist case, the ratio of collectoi ring to commiitatoi volt, 
the same as for a three-phase lotary convertei, it simply consisting o 
“delta” systems In the second case, the ratio is the same as 
single-phase lotary converter, it being analogous to three such systen 



DOUBLE-DELTA. CONNECTION 



"double- DELTA CONNECTION 


'diametrical connection 


fimm mm 


aaz 



10 6 COLLECTOR RINGS 


mm 

mm 
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\mm 


mm 


TO 6 COLLECTOR RINGS 


Table LVI 

Style of Connection toi Si\ Phase 
Potary Con\ ei tei 

Double-delta connection 
Diametucal 

The lattei — the “ diametucal ” — connection, is, on the whole, t 
pieferred The highei voltage at the collectoi rings, permits of can 
lighter cables about the .station m wiling up fioin the .static transfoi 
to the rotary con veitei. It also only requiies two secondaiy leads t 
brought out — per tiansformer — and it simplifies the switching airangem 

2 R 


Ratio of Collectoi I 
Voltage to 
Commnlatoi Volta, 

612 

707 



Rotm ij Converters 

\ switchljoaid connection suitable for a plant witl. four, si.x-phasc 
lotary coiiveitcis i. given in ¥ig 383, .vhere it is .niangcd tliat the 
vMicbioniMiig hball be clone on the liigli-tension side (>1 tlio traiihloniici 
uiLthud of synchionising avoids the necessity ol si\4)ladod, lic.ivy 
ciurcnt, luw-teiision switches The switches A and B are iiioic loi llic 
pin pose of connectors, the line ciicmts aio mtonded to be luade and 
liioken by the high-tension, cjuick-break switches G Aiiotliei featuio oi 
the airangcment shown, is that it brings the entire altoniatiiig-eui unit 
system to the left of the hne L, and the entiie coutuiuous-eui rent systoiii 
to the right of the line L, thus keeping them eniiiely sepaiatc d'lie 
jiarticiilai scheme shown, has two independent sots ol lugli-teiisinii leedeis 
coming to the two feeder panels shown 

In conclusion, it may be said that six-phase lotaiy eonveitcis h.ive, 
in piactice, been found to lun stably, and have been tree Irom suiging and 
flashing The six collector imgs can hardly be s.ud to (oiistitutu an\’ 
serious disadvantage, and there is the aheady cxjilained g.iin ol 1 I poi 
edit in output from the standjioint of the heating ol tlic aiinatiiu 
conductors This latter is, of course, an important advantage* , but it 
must lie kept in mmd that this gain does not apply to tin* conmiut.ctoi, 
wlinhmustbe — for a given output — just as laige foi a six-pliaso iotai\ 
as toi a thiee-phasei 


Four-Phase Rotary Converters 

In Fig 384 IS given a six-cireuit single winding coiinocted up as a 
four-phase rotary converter Heie we subdivide tlio winding into bmi 

.sections pel pail of poles— hence in this case 4 x t* (2 total sections, 
dlid tour collector iiDgs 

A twu-circmt single miidmg connected up f.n .i l,„i,.|,|nice 
'••'.ncycr IS shown m Fig 385 It is subdivulod into fmi, s, , l,„„s , n,', 

i Vt lu. TnT* 1 c, to, s. 1,0,,,.. 

0 rti -'^'i-ndont ti,,. 

"indings aie chaiacteiised by the wmdiiw „ , i" "V ‘ 

50 per cent of the polar mtch q i 

leally in the same nhatsp i-i ions 1 and 3, a.s also li and bare 

1 name phase, in this sens, such notary eoincteis aio sonu.t.n.es 






Rotary Converters 

,ned Uo-ph=.e, also o=caa.o„any qua.ter-phasa. The istehution « also 
m feu-phase, a^ m six-phase. alteruatvre auethods of 



Qtv PiRrmT Single Winding, with 
Winding tor a Four-Phase ' p 17 15 

QCi nn-NTDITCTORS, biX- JtOLTSS, Xiion 


ooauecfe, ho. secouda.y -asfoeuoee — Jus 

diametucal coniieot.on is to be preferred, and fe the sai 

the ca&e of six-phase 
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eia'k-Ph \sE Rotary Converters 

-A-iiotlioi iiitoi esting coinljindtion of appaiatn.s j)eiiiiits of ol^taining 
the advantages of a 12-phase rotaiy conveiter with only two static 
transformers Each transformer has one pi unary and foui equal seeondaiy 



coils The primaries aie excited from two circuits in cpiadiatuie with each 
other, and there are twelve tappings into the aimatuie pei pan of ])oles in 
a multiple-eiicuit winding, and twelve tajipings per winding, independently 
of the numbei of poles in two-circuit windings The diagiam. Pig 388, 



10 


Rotary Conrertem 

, 1 +n <1 bi-iooldi aimatuie, tlie circle 

,te forth the undeilying idea m W ‘ ^ Traiiefo.niers I 

spreeontmg the wmdmg, tapped at tho point. 

JFig386 



w™ POE A ]?OUE-PEASE ROTAEV JIVO TuiPEE-WlNBIKO, HI 

96 OoNDUCTORs, Si\ Poles, riTCii i 

mid II have their primaries connected to ciicmts in quadiatuie 

°*“The 60 deg choids represent the transformer secondaries 11-9, 3-6, 

Fig 087 Foun phase 
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12-2, and 8-6, while the two chaineteis based on 

pairs of secondaiies 1-7 and 10-4 Obvionb } 
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Ttuelve-Phcike Rotnoy Converter 

tAvo in&cnbed liexagons, the one standing at an angle of 90 deg fiom the 
other The foui equally-wound secondary coils conform to the equality 
requirement between sides and ladii 

By letting the transformer iJiimanes have difteient windings, the 
Avcll-known method of changing fioin thiec to quaiter-phase permits of 
letaining the greater economy and othei advantages of thiee-phase 



jFtg 386 




tiansinission, and these furthei advantages of only two tiansfoimers pei 
lotary, and greatly increased output per lotary This sj-stem is sufficiently 
indicated in diagram. Fig 389 


Design of a Six-Phase 400-Kilowatt, 25-CiCLE, 600 -Volt Rotary 

Converter 

The hist question to decide is the numbei of poles The jieiiodicity 
being given, the speed will be inveisely as the number of poles High 
speed, and hence as few poles as aie consistent cvith good constants, will 
genoially lead to the best lesults for a gn^en amount of material 
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In consideimg tlie design of continuous-current generators, it Avas 
shoAAUi that the nnnimum jDeiinissible numhei of poles is detei mined by 
the hunting ainiature inteifeience e^j^iessed in armatuie ainpeie turns iicr 
pole-jnece, and by the reactance Anltage per commutatoi segment, for 
which, in the veiy fiist steps of the design, the ai’-eiage Amltage pci 
commutator segment is taken But in polyphase rotary conveiters, the 
super^iosed motoi and generator currents leaim a veiy small resultant 
curient m the armature conductors, and in six-jihase lotary converteis 
this IS so small that aimatuie interference Avould not be a hmitinsf 
consicl elation , m fact, as many turns per pole-piece will be used on the 
ai mature as other considerations, fiist among ndiich is that of permissible 
peiipheial speed, shall determine As the motoi and generator cuiieiits 
cancel each other to a very consideiable extent, the eonductois have only 
to be of relatively small cross-section in older to cany the resultant 
cuiieut, nevertheless, by the time each conductor is sepai-ately msulatccl, 
no extraordinarily laige number can be aiiaiiged on a given periphciy, 
and hence no excesswe aimatuie iiiterfeience can result With insuffi- 
ciently unifoim angular velocity per revolution of the generator supplying 
the lotary convertei, this assertion could not safely be made In such a 
case, the pulsations of the motoi component of the lotary conAmiter cuiient, 
caused by the inability of the lotary conveitei to keep in perfect step AAuth 
the generatoi, and by the consequent oscillatory motion supei posed upon 
its unifoim rate of revolution, gieatly deciease the extent to Avhich the 
motoi and generator comjionents neutialise one another, and hence results 
a large and oscillatory armature inteifeience But Avheie a satisfactory 
generating set is piovided, aimatuie inteifeience in the rotaiy coiiAmiter 
IS not a hunting consideration 

The reactance Amltage of the coil under commutation, must be made 
as low as possible, as one has, in rotary converters, a kind of “forced” 
commutation,” that is, one does not make use of a magnetic field to 
le verse the current in the short-circuited coil The brushes remain at 
the neutral point for all loads, since any alteration m their position 
from the neutral point Avould mteifeie Avith the pioper superposition 
of the collector ring and commutatoi currents Moreover, the eollectoi 
ling cuiient must continue independently of the couinuitation going 
on m the geiieiator component of the lesultant cuiient The process 
IS complicated, and for practical puiposes it appeals desirable to estimate 
a nominal reactance voltage based upon that Avhich would be set up m 



Six-Phase, Four-Iiundred Kilowatt Rotary Converter 313 

tlie short-circuited turns by the leversal of the continuous-curient 
component 

The diameter of the armature is chosen as large as is consistent i\'ith 
letauung the armature conductors in place, using a reasonable amount of 
binding wire, figured with a conservative factor of safety Upon this 
armatuie is generally placed as large a number of conductors as current 



and magnetic flux densities permit For some latings, however, a 
sufficiently low leactance voltage may be obtained without approaching 
extremes, eithei of ai mature diameter oi of numbei of armatuie conductors 
Another limitation often met with in rotary converter design, is that of 
width of commutator segment at the commutator face It is not desiiable, 
on machines of seveial hundred kilowatts outj^ut, that the commutator 
segments should be much less than in in width Foi a gnmii diametei 
and number of poles, this at once restricts the number of commutator 
segments, and, on the basis of one tuiii pei coinmutatoi segment, also 


8 2j 


Rotary Converters 


jricts the aumber of armature turns For large rotary coiiveiteis, 
> turns per segment would almost always lead to an undesirably high 
etance voltage of the coil being commutated 
The speed, expressed in revolutions per minute, is, in rotaiy 
veiteis, generally two or three tunes as high as for good continuous- 
rent geneiators of the same output, and with an equal number of 

I' ^ ^ Os — >1 



3 S Hence the frequency of commutation is also very high, often fiom 
I to 1000 complete cycles per second Consequently the inductance of 
shoit-circuited coil must be coirespondingly low, m order not to lead to 
h leactance voltage 

Rotary conveiters have been built with two commutators, to escape 
limitations leferred to, of high peiipheral speed, and narrow com- 
tator segments This method is rather unsatisfactory, since the chief 
n would be in connecting the two commutators in series , but by so 
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doing, the entire ourient output has to pass through both, and the 
commutator losses are theieby doubled, while the cost ot eacli commutator 
IS so slightly reduced below that of one, as to render the construction 
expensive A parallel connection of the two coininutatoi s at once saciifiees 
the chief gam, there only reinamiiig the advantage of commutating but 
half the curieiit at each set of blushes, but this will not peimit of very 
great i eduction of the number of segments Moreover, theie is the 
fuither difficulty that unequal contact resistance at the brushes ivould 
bring about an unequal division of the load between the two windings 

In smaller rotary converters, it sometimes becomes practicable to 
employ multiple windings (^ e , double, or occasionally even triple) In 
such cases, the tendency to increase the frequency of commutation must 



not be overlooked If, for instance, one uses a double winding, the 
calculation of the time during which one arinatuie coil is short-circuited, 
must be made wuth due regard to the fact that the two terminals of this 
coil aie connected, not to adjacent but to alternative segments, and the 
intervening segment is, so far as time of short circuit is concerned, to be 
considered as a wide insulating gap Hence, for a given width of brush, 
the time of short circuit is consideiably reduced, but as the number ol 
paths through the arinatuie from the positive to the negative brushes has 
been doubled, the current to be reversed is half what it ■would be for the 
equivalent single winding No general conclusions, however, should be 
diawn, and the reactance voltage must be estimated foi each particulai 
case, from the inductance of the coil, the frequency of its reversal under 
the brush, and the current to be reversed. 


Rotary Converters 

n a similar manner, if one ■n-ere comparing tlie lelative advantages 
y, four and six poles, one should keeji distinctly in mind that while 
nal effect on the frequency of reversal may not be great (because of 
iverse change in speed), the inductance per tuin (largely dependent 
the length of the ai mature), may be quite different, and that the 
nt to be leversed, is, in the case of the larger number ot poles, less 
in the machine with few poles It is much safer to make rather 
lete comparative calculations, as the piobability of overlooking the 



of a certain change, on all the constants involved, is veiy 
lerable 

4.S a general rule, it is preferable to arrange the conductois in many 
thus having but few per slot It is also necessaiy to keep as small 
ssible, the ividth of slot opening, and it should not be much, if any, 
er than the radial depth of the air gap This is important, because 
ated pole -faces should not be used where there is the least possibility 
juiging,” due to inconstant angular velocity per revolution of the 
atmg set Wheie, with laminated polo-pieces this “surging” is 
it to any extent, it will be diminished, and sometimes prevented, if 
pole-faces of good conductivity, such as wiought-iion forgings of 
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“ooci quality, are used The tendency of the supei posed oscilla 
the ainiatuie, and the consequently varying magnetic held, is to 
induced cui rents in this pole-face, which leact, and in turn tend t 
these oscillations This may be accomplished with minimum loss of 
by suitably arianged copper circuits , but under favourable conditi 
surging will be of small extent, and may be made neghgible with bi 
dissipation of eneigy in the wiought-non pole-faces The magm 
may be of cast steel, but this has not so high specific eonductivitj 
best wi ought iron, Avhich latter should be employed foi the po 
The pievention of the surging will also be moie complete, the sho 
ail gap, but the high speeds of rotary converteis generally rend 
small cleaiances undesiiable 

Given the output, periodicity, and the voltage, trial calculatioi 
with the foregoing vaiious considerations in mind, lead one yeij d. 
to the choice of a certain number of poles and the coirespondmg 
best combining good constants in opeiation with economy m materi 
most, the choice will he between two successive numbeis of pans c 
111 which case both designs should be thoioughly woiked out, i 
constants and cost compai ed 

For a six-phase rotary convertei for 400 kilowatts output at 21 
and GOO volts at commutator, the following design is woiked on 
number of poles is eight, and the speed is 375 levolutions pei 
A good design with six poles and 500 i evolutions pei minute cou 
been obtained, and excellent practice in the application of these pi 
would be found in woikmg out a con espon ding specification foi 
machine, and then making a compaiison of the costs of material 

The eight-pole design is illustrated iii Figs 390 to 393, inclusi 
in Figs 394 and 395 are given the estimated saturation and e 
cm ves 

Tabulated Caloulvtion and Specification for a 400-Kilowatt 

Phase Rotary Conierter 

Description 

Numlmi of poles 
Kilov att output 
Speed, 1 evolutions pei minuti' 

Tei niinal \ olts, full load 
Ainpeies 

Diequency (cycles pei second) 


t- 

40C 

dll 

bOC 

6b7 

25 
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Dimensions 

A7mcUu‘>e 


Diametei o\ei all 

58 m 

Leagth over concluctois 

29 „ 

Diametei of coie at peiipliery 

58 „ 

,, ,, bottom of slots 

551 „ 

„ ,, „ laminations 

40 „ 

Length of coie over laminations 


Number of ventilating ducts 

4 

Width of each ventilating duct 

|m 

Effective length, magnetic iron 

72 „ 

,, of coie -- total length 

7C„ 

Length round periphery 

183 „ 

Pitch at smface 

22 S 

Insulation between sheets 

10 per cent 

Thickness of sheets 

OUm 

Depth of slot 

125 „ 

Width of slot at root 

28 „ 

,, at smface 

28 „ 

Number of slots 

300 

Gloss radial depth of lamination 

9 in 

Radial depth below teeth 

7 75 „ 

Width of teeth at root 

303 „ 

,, ,, armature face 

330 „ 

Size of conductor 

05 in X 45 in 

Magnet coie, length of pole-piece 

9 5 in along shaft 

Length of pole-arc 

14 in 

Thickness of pole-piece at edge 


Pole-piece to consist of soft ivrought-iron 

forsfing, so as to have 

xnaximam specific conductivity 


Pole-aic — pitch 

61 per cent 

Length of coie, ladial 

14 m 

Diameter of magnet core 

12 „ 

Boie of held 

58i„ 

Cleai ance 


Spool 


Length 

14m 

„ of shunt winding space 

Hi,. 

„ of series ,, 

"T >> 

Depth of shunt „ 

2 

3 , of senes ,, 

2 „ 

„ of winding space 

2 „ 

Yoke 


Outside diameter 

104 in and 95^ in 

Inside „ 

88 in 

Thickness 


Length along armature 

20 „ 
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Qommiitaio'i 

Diametei 

Number of segments 

„ „ pel slot 

"Width of segments at surface 
j, jj at root 

Total depth of segments 
j, length of segment 
Available length of segment 
Width of insulation between segments 

Collecto'i 

Diameter 
Nunibei of iiiigs 
Width of img 

JJ between iings 
Length over all 


Bi ushes 

Number of sets 
,, in one set 
Radial length of bi ush 
Width of blush 
Thickness of brush 

Dimensions of bearing surface, one biush 
Aiea of contact, one biush 
Type of biush 

Insulahon 

On coie 111 slots 

Of conductoi 


52 5 in 
600 
2 

23 111 

21 J, 

2 „ 
11 „ 
9 „ 

045 „ 


15 in 
6 

2 m 

X 

6 >5 
22 

j-j JJ 


Oontiuuoufci Altoinai 

Curient Curien 

8 6 

4 3 

2] m 

1| „ 1 in 

63 „ i „ 

1 5 in X 7 5 in 1 in x 
1 13 squaie inches 1 sqiiar 
Radial caiboii CJopj. 


Oil-tieated caidboai 
012 in thicL 
Vainished linen 


Electiucal 

Armati67 e 


Terminal volts full load 

600 

Total internal volts 

614 

Number ot circuits 

8 

Style of winding 

Multiple one 

Times re-entrant 

1 

Total parallel paths thiough armature 

8 

Conductoi s in senes between blushes 

150 

Type construction of winding 

Bar 

Numbei of face conductoi s 

1200 

,, slots 

300 

„ conductors per slot 

4 

Aiiangement of conductors in slot 

2x2 

Number in parallel making up one conductor 

1 
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Mean length of one annatuie tuia 
Total nunibei of tmiis 
Turns in senes between biushes 
Length of conductoi bet^^een biushes 
Cioss-section, one conduetoi 

,, eight conductoi s in paiallel 

Ohms pei inch cube at 20 deg Cent 

Pei cent inciease in lesistance 20 deg Cent to 60 deg Cent 
Resistance bet'ween blushes, 20 deg Cent 
Resistance between brushes, 60 deg Cent 


78 m 
600 
75 

5850 in 

0225 squaie inch 
IS 

00000068 

16 

023 ohm 
0256 


It has already been seen that in six-phase rotaries 1 96 times the 
fcjiiit may be taken from the commntator for the same C^R loss in the 
nature conductors, as in a continuous-current generator with the same 
iiding Hence, foi a given load, the resultant curieiit m the armature 
iductois is a little over half that delivered from the commutator In 
5 pi esent machine, the full load output is 667 amperes Allowing for 
iciency, and not quite unity pouei factoi, we may take the cm rent in 
2 armature conductois at 667 x 55 = 370 amporob 


C R diop m aiDiature at 60 deg Cent 
,, senes coils 

„ biiisli contact suiface 

,, not allowed foi in abo\e 

Ampeies pei squaie inch, conductoi 

,, ,, biush Ijcaiing siufcicc 

„ „ shunt windings 

,, ,, senes windings 


9 5 volts 


1 3 in cables and 
connections 
2050 figuied on 
lesultant cuiient 
37 figuied on cunent 
output fiom 
commutatoi 


980 

1000 


1 but the armature cunent density and chop results aie derived later 
the bpecification, but aie bi ought together here foi reference 


Space Factor 

In transfoimeis, it is the ami to secuie as high a ratio as possible of 
i total section of copper to the space in which it is wound, for a given 
jcitied insulation lesistanee The same latio, teiined space factoi,” is 
seivice in projportionmg the conductois and insulation to the aimatuie 
ts 

Stiotional aiea of slot == 1 25 x 28 = 35 squaie inches 
Sectional aiea of coppei in slot = 4 x 0225 = 09 squaie inches 
“Space tacfcoi ” = 09 — 35 = 26 
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le , 26 jier cent of the space is occupied by coppei, and 74 pei cent b 
neccssarj’’ insulation 


C oynmutation 

Average volts between commutatoi segments 
Aimatme turns pei pole 

Resultant curient i^ei concluctoi = 


= 46 amperes 


Resultant armatuie stiength pei pole == 46 x 75 = 3450 ampere turns 


8 

75 


As the blushes remain at the mechanical neutral point, these 
only a distorting tendency, and do not have any demagnetising effe 
long as the power factor of the alternating -current component is i 
It 13 also to be noted that, while the resultant aimatuie cuirei 
46 amperes, the 3450 corresponding ampere turns aie by no means 
effective as magnetomotive force, being positive and negative in succe 
groups — sometimes even in successive turns — ojiposite one pole-piece 
Figs 368 and 369, pages 288 and 289 ) 


DE'rniiJiiNATioN OP Rbactance Voltage op Coil under Commutation 


Diameter of commutator 
Ciicumfeieiice of commutatoi 
Revolutions pei second 
Peupheial speed, inches pei second 
Width of blush suiface, acio&s segments 
Time of one comjjlete leveisal 
Fief|uency of commutation, c}cles pei second 
Coils shoit-ciicmted togethei pei biusli 
Turns pei coil 

Tunis shoit-ciicuited togethei per biusii 
Conductois pel gioup commutated togethei 
Fluv pei ampeie tuin per inch gioss length aimatuie 
lamination 

Flux tliiough SIX turns caning one ampeie 

Inductance one coil of one turn 

Reactance of one coil of one turn 

Curieiit m one coil (contmuous-cuiient component) 

Reactance voltage, one coil 


52 5 in 


„ 

6 25 
1030 


75 in 

00073 secs 


685 

3 

1 

3 

6 


20 

1140 

0000114 hem 
049 ohm 
83 5 ampeie 
4 1 volts 


Proportioning the Binding Wire 

This IS an important consideiation in machines which must run at 
high speeds customary with rotaiy converters Cases might easily o 
where an otherwise good machine might be designed , but on calcula 

2 T 
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the binding wne, it would be found to require a larger portion of the 
total peripheial =!urface than could properly be devoted to it 

Length of concluctoi between blushes = 5850 in 

Cl OSS section of concluctoi between brnslies = 18 sqnaie inch 

Weight of armatuie coppei = 5850 x 18 x 32 = 340 lb 

Every pound of material at the periphery is subject to a centrifugal 
force of 0000142 D pounds^ where 

D = diameter in inches 
K = 1 evolutions pei minute 

Hence, in this case, to a foiee of 

0000U2 X 58 X 3752 = 115 lb 

The iron laminations aie dovetailed into the spider, so the binding 
wire need only be pioportioned to retain the weight of the copper wire m 
place 

Total centrifugal foice = 340 x 115 — 39,000 lb 

Foice per square inch of aimatuie surface = — 39^000 = 7 4 lb 

29 X 58 x TT 

Total piojected aiea = 29 x 58 = 1680 square inches 

Total stiess on binding wire = 1680 x 7 4 = 12,500 lb , or 6250 lb per side 

Using phosphor-bronze binding wire, and estimating on the basis of 
a tensile strength of 100,000 lb per square inch, with a factor of safety 
of 10, we require 

6250 X 10 , 

■ ■ ■ ■■ = 63 squaie men 

100,000 ^ 

Taking No 12 Stubbs wire gauge with a diameter of 109 m , and 
cross-section of 00933 square inch, 72 of these would be requited These 
should be ananged in nine bands of eiglit turns each Three of these 
bands should be over the laminated body of the armature, and three over 
each set of end connections (See Fig 392 on page 315 ) 

Magnetic Circuit Calculations 

Megahnes /7 one pole at full load and 600 terminal volts 
(614 internal volts) 

Coefficient of magnetic leakage 
]\regalines one pole at full load 


8 20 
1 15 
9 5 
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At maiii't e 


Coie section = 775 x 7 2 x 2 

= 112 squaie inches 

Lengtli, magnetic 

7 in 

Density (kilohnes) 

73 

Ampeie turns per inch 

20 

Anipeie turns 

140 

Teeth 

Nuuibei tiansmitting flux pei pole piece 

27 

Section at face 

61 squaie inches 

,, loots 

60 

Mean section 

62 

Length 

1 25 in 

Apparent density (kiloliiies) 

132 

Width of tooth (mean) 

33 

„ slot “i” 

28 

Ratio “ “6’^ 

1 li 

Ooirected density 

127 

Ampere turns pei inch 

1100 

Ampeie turns 

1370 

Gap 

Section at pole face 

133 squaie inches 

Length, one side 

25 in 

Density at pole face (kilolines) 

61 

Ampeie turns ( 313 x 61,000 x 25) 

4800 

Magnet Coie 

Section 

113 squaie Indies 

Length 

14 in 

Density (kiloliiies) 

84 

Ampeie turns pei inch 

50 

Ampeie turns 

700 

Yoke 

Section - 2 X 62 

124 squaie inches 

Length (per pole) 

17 m 

Density (kilolines) 

77 

Ampeie turns pei inch 

640 

Summary op Ampere Turns 

Aimatuie coie 

110 

,, teeth 

1370 

Gap 

4SOO 

Magnet core 

700 

Yoke 

640 

Total pel spool 

7650 
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Spool Windinos 

Shunt 


Mean length, one tuiii 

3 66 h 

Ampeie turns per shunt spool, full load 

7,650 

Ampeie feet 

28,000 

Kadiating surface, one field spool 

700 squaie inches 

Watts per square inch to be allowed at 20 deg Cent 

40 

Watts pel spool at 20 deg Cent 

280 

„ ,, shunt wnndmg at 20 deg Cent 

320 

,, ,, senes ,, ,, ,, 

60 

„ ,, shunt winding at 60 ,, 

255 

Shunt copper pei spool 

no 

Volts at terminals of spool at 20 deg Cent 

56 

Ampei es pei shunt spool 

3 92 

Tuins „ „ 

1950 

Total length of shunt conductoi 

7150 ft 

Resistance pei spool at 20 deg Cent 

14 1 ohms 

Pounds per 1000 ft 

15 4 lb 

Size of conductoi 

No 15 S WG 

Dimensions baie 

072 in in chain 

Dimensions double cotton coveied 

082 „ „ 

Cioss-section 

00407 square inches 

Cuiient densit}^, amperes per squaie inch 

980 

A\ ailable winding space 

10 in 

Numbei of layers 

17 

Tuins pel layei 

115 


Rotaiy coziveiters do not I’uii so well with much lag or lead, and the 
superposition of the motor and generator cui rents is far less perfect, but 
it IS often found convenient to use a senes coil of some 25 per cent of the 
strength of the shunt coil, and to have, on the side of the machine, a 
switch, which, when completely open, sends all the main current, except 
a very small peicentage, through the series winding, the small balance 
passing through a diverter rheostat In the next position, about half of 
the current is diverted through the rheostat, the series coil being much 
weaker, and m the final position, the series coil is completely short- 
circuited, all the current being cliveited from it This enables the series 
winding to be employed to the extent found desirable, considered with 
relation to the high-tension transmission line, as well as to the low-tension 
contmuous-cuirent system, on which latter system, it is desirable to have 
the teiminal voltage increase wuth the load 

By adjusting the shunt excitation so that the current lags slightly at 
no load, and by having sufficient series excitation, the total field strength 
increases as the load comes on, and thus controls the phase of the motoi 
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cm rent A.t some intermediate load the motor current will be ex 
in phase with the electromotive force, and at higher loads will sli^ 
leadj thus also maintaining rather highei commutator voltage 


Se'i 

Ampere turns, full load 
Full load ampeies 
Amperes divei ted 

j, m senes spool 
Turns per spool 
Size of conductoi used 
Numbei m paiallel 
Total cross-section 

Oiiirent density, ampeies pei squaie inch 
Mean length of one tui n 
Total length, all turns on eight spools 
Resistance of eight spools at 20 deg Cent 
Seiies C^R watts, total at 20 deg Cent 

,, spool at 20 deg Cent 

JJ >> JJ >5 

Weiglit of senes coppei 


2000 

667 

167 

500 

4 

2 in by 05 

5 

5 sq in 
1000 
3 66 ft 
1400 in 
0019 olm 
475 
60 
70 
225 lb 


jUmatm e 


Calculations op Losses and Heating 


Resistance between brushes 
C-R loss at 60 deg Cent 


0256 ohm 
60 deg < 
3500 watts figui 
resultant cui 


Fiequency, cycles per second = C = 
Weight of aimatuie teeth 


Total weight aimatuie laminations — 
Appaient flux density in teeth (kilolines) 
Flux density in core (kilolines) = D = 


CD ~ 1000 = 

K - 

^ = watts coie loss pei lb = 

1000 ^ 

Total coie loss = 3 02 x 2555 = 


,, aimatuie loss = 

Ai mature diameter 
„ length 

Peiipheial ladiating suitacc 

,, speed, feet pei minute 
Watts pei squaie inch m ladiating suifLice 
Assumed use ot teinpeiatuie pei watt pei squaie inch by 
theimometei, aftei 10 houis’ run 


25 

245 lb 
2310 „ 
2555 „ 
132 
73 
1 83 
1 65 

3 02 

7,700 wa 
11,200 
58 in 
34 „ 
5300 squaie 
5700 
2 1 

20 deg C 
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tal rise estimated on aLo^e basis I'y 

jj 

ssumed use of teinpeiature per watt per squaie inch by 

lesistance, aftei 10 hours’ lun 30 

tal use estimated on alio^^e basis 63 

ill be obseived that the total weight of iron in aiiuature, i e , 
IS multiplied by the “ watts core loss per pound ” to obtain total 
This includes loss m teeth, as the curve (see Fig 238, page 229) 
h the constant was taken, is so proportioned as to allow foi core 
I losses for this type of construction and range of magnetic 


COMMUTATOE LOSSES AND HeATING 


3a of all positive biuslies 

18 squaie inches 

ipeies pei squaie inch contact surface 

37 

tns per squaie inch contact surface, assumed 

03 

ish lesistance, positive and negative 

0033 

ts diop at biush contacts 

2 2 

w loss ,, j, 

1500 watts 

sh piessuie 

1 25 lb per sq m 

„ total 

45 lb 

flicient of friction 

3 

ipheial speed 

5150 ft pel mm 

sh friction 

70,000 ft -lb per mm 

]] 

1600 watts 

y watts lost in commutatoi, assumed 

400 

A watts lost m commutatoi 

3500 

neter of commutator 

52 5 m 

>. .. 

9 „ 

lating suiface 

1500 squaie inches 

ts pel square inch radiating suiface 

2 3 

imed rise of temperatuie per watt per squaie inch aftei 

10 houis’ run 

15 deg Cent 

1 use estimated on above basis 

35 

Collector Losses and Heiting 

' contact aiea of all brushes 

18 squaie inches 

eies pel squaie inch contact suiface 

no 

> pel squaie inch contact (assumed) 

003 

lesistance of brushes per iing 

001 

diop at brush contacts 

34 

oss at brush contacts pei ring 

110 watts 

3 5 ,3 in six lings 

660 „ 

L pressure, pounds per square inch 

1 0 

„ total pounds 

18 

3ient of f notion 

3 


! 
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Peiipheial speed, feet per minute 
Biusli f notion, foot-pounds pei minute 
,, ,, ivatts lost 

Total watts lost in collectoi 
Diametei collectoi 

Eflective length of radiating siiiface 
Eadiatmg surface 

Watts pel squaie inch ladiating suiface 

Assumed use of tempeiatuie pei watt pei squaie incli aftei 
10 houis’ lun 

Total rise estimated on above basis 


1470 

8000 

ISO 

810 


15 in 


12 

5 } 

«570 squaie inches 
1 5 


20 deg Cent 


30 


3J 


Spool Losses and Heating 


Spool 

loss at 60 deg Cent per shunt coil 
,, ,, pel senes coil 


Total watts lost pei spool 
Length of winding space, total 
Cncunifeience of spool 
Peiipheial ladiatmg suiface pei spool 
Watts pel squaie inch ladiating suiface 

Assumed rise of tempeiatuie per watt pei squaie inch by 
thermometei , after 10 liours^ run 
Total use estimated on above basis 

Assumed use of temperature per watt per square mcli by 
lesistance, aftei 10 houis’ lun 
Total use estimated on above basis 


255 watts 

i 0 ,j 

325 ,, 

11 m 
50 „ 

700 squaie inches 
465 


80 deg Cent 


120 

56 


35 

3> 


EFFICIENC’k 


Output, full-load watts 400,000 

Coie loss 7,700 

Aimature 0“R loss at 60 deg Cent 3,500 

Commutatoi losses 3,500 

Collectoi losses 840 

Shunt spools losses 2,040 

„ iheostat losses 300 

Senes spools losses 560 

„ dneitei losses 190 

Fiiction, healings and windage 2,000 

Input, total 420,630 

Comineicial efficiency, full load 95 pei cent 


Materials 


Aimatuie core 
,, spidei 

,, conductois 


Sheet steel 
Cast non 
Copper 
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Commutator segments 
,j leads 

„ spidei 

Pole-piece 
Yoke 

Magnet core 

Blushes 

Biush-holdei 

„ yoke 

Binding wire 
Insulation, commutator 
„ aiiuatiue 


Co23per 
Rheotan 
Cast 11 on 

Wiouglit-iion foigmg 
Oast steel 

jj 

Caibon and coppei 
Biass 
Gun-metal 
Pliosphoi bionze 
Mica 

Varnislied linen tape 


W EIGHTS 

Aiinafine Lh 

Laminations 2,550 

Coppei 310 

Spidei 1,550 

Shaft 1,230 

Flanges 700 

CotmmbtatOT 

Segments 1,000 

Mica 80 

Spidei 1,000 

Press rings 200 

Othei parts 300 

Collectoi, complete 700 

Aimature, comnnitatoi, collectoi, and shaft complete 9,C50 

Magnet 

Coies 3,550 

Pole-pieces 400 

Yoke 5,000 

F%eld 

Shunt coils S80 

Senes ,, 225 

Total copper 1,105 

S230ols complete 1,800 

Bedplate, hearings, &c 6,300 

Blush iiggmg 450 

Other paits , ' 1,000 


Complete weight lotai}" conveitei 30,360 



Tlivce-Phase^ Niae'H'andred Kilowatt^ Rotary Converter 


3^ 


Tabulated Calculations and Specification^ for a 900-Kiloavatt Thr? 

Phase Rotary Converter 

The machine is illustrated in Figs 39G, 397 and 398, and cuives 
its performance are given in Figs 399 to 402 


Description 


Nurabei of poles 
Kilo wail output 
Speed, 1 evolutions pei minute 
Teimmal volts, full load 
„ ,, no load 

Anipeies, output 
Fiequency, cycles pei second 


12 

900 

2f)0 

500 

500 

1800 

25 


Dimensions 


A't laaiim e 

Diametei ovci all 
Length ovei conductors 
Diametei of coie at peiiplieiy 

j, bottom of slots 

„ laminations 

jj >> 3J 

Length of coie ovei laminations 
Kumbei of ventilating ducts 
Width, each 

Effective lengbli, magnetic non 

of coie - total length 
Length loiind peiiplieiy 
Pitch at sill face 
Insulation between sheets 
Thickness of sheets 
Depth of slot 
Widtli of slot at loot 
„ suifacc 

Numbei of slots 

(Jioss ladial depth of laminations 
Radial depth below teeth 
Width of tooth at lOot 

, ainiatui e face 

JJ 33 

Size of coudnctoi 


84 in 
27 „ 
84 „ 
8U„ 
62 „ 
12 6 „ 
3 


I 

9 9 „ 
79 

264 in 


10 pel cent 
016 111 
126 „ 
-14 „ 
44 „ 
288 


11 m 
9 75 111 
449 „ 

475 „ 

125 111 by 400 u 


Maynet Coie 

Length of pole-piece along shaft 
„ pole-aic, aveiage 

Pole piece and coie consi'^ts of sheet-iion punchiiigs m 
thick, lapanncd on one side, and built up to a cept o 


12 in 
15; „ 


2 U 
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Rotary Converters 


12 in Tlie edges of pole-face are chamfeied back 3 in 
by y'"- in , and a coppei budge 14 m by 1 in , extending 
1]- in iiiidei pole tips, is mseited between poles to 
prevent “ surging 


Pole aic — pitch 


722 

Length of coie radial 


m 

Size of magnet coie (laminations) 


1 2 in bj’ 1 2 111 

Boie of held 


Si’ m 

Cleaiance (magnetic gap) 


li7 JJ 

Spool 

Length 


ni 

„ of shunt-wmding space 


19 „ 

,, j, seiies-wmding space 


3 5 „ 

Depth of winding space 


n „ 

YoU 

Outside diametei 


123 in ik 114 in 

Inside dianietci 


105 111 

Thickness 


JJ 

Length along annatuie 


- j) 

Beyond the 22-in length along aiuiatuie, projects on one side 


a ling IJ ill wide, which is giooved to leceive the biush 


i ocking geai 

Comiantato') 

Diainetei 


54 in 

ISTuiiibei of segments 


576 

,, , pei slot 


2 

Width of „ at suiface 


24 

jj jj at loot 


215 

Total depth of segment 


21 111 

5 , length of segment 


„ 

Available length of segment 


14 

Width of insulation between segments 


05 „ 

Collector 

Diainetei 


24 in 

Numbei of iings 


3 

Width of each ring 


3] m 

j, between iiiigs 


li .. 

Length o\ er all 


18J in 

Bi nslies 

Continuous 

Alternating 

Cm lent 

Cm lent 

Nunibei of sets 

12 

3 

JSTumber in one set 

8 

8 

Radial length of biush 

2 m 

— 

Width of biush 

u .. 


Thickness of biush 

f » 

6 „ 

Dimensions of bearing suiface (one brush) 

1 25 in by 87 in 

1 25 n by 1 1 in 

Aiea of contact (one biush) 

1 08 squaie inch 

1 35 squaie inch 

Type of blush 

Radial caibon 

Copper 
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TfCIINICAL JJa'IA — El.KCTRirAL 


Tpiiiiinal \olts, full load 
''rotal inteinal \olls 
>fiiml)ei of ciiouits 
Style of wmcUiig 
Tnucb ro-oiitiant 

Total paiallol paths bhiougli ainirituu' 
Conductors in soiios boLwcui In ashes 
Typo constuiction ot winding 


500 

513 

12 

Midtiplo-i 11 1 lilt ill uui 
1 

12 

1 )() 

15a I 



l^uiiiboi of face conductois 

1152 

,, slots 

2SK 

,j conductois pci slot 

1 

Auangenicnt of coiicluctoi s in 'jlot 

2 hy 2 

Nuinbei m parallel making up one conductoi 

1 

Mean length of one ainialuic tuin 

7S in 

Total nunibei of tiuns 

575 

Tunis in senes between blushes 

LS 

Length of conductoi between buislics 

‘57 1 1 in 

Cioss-sectioii, one coiiductoi 

05 sipiaie inch 

,, 12 conductois in paiallol 

GO 

Olims pei inch cube at 20 dog Cent 

OOOUOOfiS 

Pei cent inciease m lesistancc 20 deg Cent to hO deg Cent 

1() pi'l edit, 

Resistance between brushes 20 deg Cent 

OOli.G 

„ >. GO „ 

00493 




TJivee-Plidse, Nine-Hund) ed Kiloivatt, Rotaiy Converter 


Assuming the cut rent in three-phase lotary converter aimati 
be about thiee-fouiths of that foi continuous-current generator of 


Observed/ Cur\'cs 
of 

Sf\TURI\TlON 

ow 000 Kw 25 bjcies SOOVoUs 
Three PJuxsG Hobarii CoTwerter 



Observed/ 

CORE LOSS 

oTh 000 K\\ 25 Gjcies SOOVaUts 
Three^ Phase Hotary Corwerur 


Tva 401 



0 so 100 ISO 200 250 300 350 ^00 ^0 500 
(SJ 4 zcr \/olts ArnwJUire 


0 1000 ZOOO 3000 4000 5000 6000 WOO 8000 9000 lOQOO I 

(5I4SAJ fi&ld Ampere turns per Spool 


Ohs at t iicb 

PHASE CHARACTERISTIC 
oru 000 K^V 25qjcLes SOOVoUs 
Three Plvase ItoLari/ ConA/eri^r 



0 — l—i — 34 — 5 — a9 Jon 
(5/42 Bj Amperes ui FlbIcI 


EFFICIENCY & LOSSES 
OTh dOOK^s 25 Q/des 500 YoL 
Three Phase Rotary Corhvert 

1 r^402 , 4 


0 wo 400 600 800 fOOO iTOO 1400 1600 1800 2 j0i 
Ampere Output 


output, and a power factor of not quite unity, we may take cun 
ai mature conductoi as 1,800 x 8 = 1,440 amperes 







Rotary Converters. 


OR drop m ainiatuio at 60 dog Cent 

7 1 volts 

)} 

senes coils 

16 „ 

>) 

at biush contact sin faces 

2 1 „ 


not allowed foi in above 

1 5 volts foi Crd)lesnnd 



connections, hguied 
on component ciii- 
leiibs 

Anipoi OS 

pel squaie inch conductoi (aimatuie) 

2100 

j) 

,, ,, hiusli bcaiing suiface 

.1 [ 5 

n 

,, ,, shunt windings 

070 

>1 

j, ,, senes windings 

970 


;S';?rtce Facto') 

Siciionnl aie.i of slob 1 135 x -“I I = 55 s(i[Ur'uc inch 

,, ,, (.o])p(‘i in slob — '1 X IJf) X 1 - J s(|iiai (‘ iiu li 

“ Spac hicboi ” - 2 — 55 -- ,>(> oi 10 1 poi font ot lob.il spiuo is opciipiod by 
cojipci, leavm<^ (> > (> pei cent toi tlio ueccss.uy lusuKbion 

GonDnidalion 

Volbs l)(‘b\vopn sci^onontSj average 10 \ 

Annatiuc iiuiib pc» polo IS 

llo&iilbaiit CLUH lib })ei coiulactoi = 120 aiiqicios 

llosulbanb aimatuic bticiifftli = 120 x IS bSOO aiiiMtuio 
anipcie tiuiib pci pole 


DhTI RMllsrAllON or RfiACTANn. VoLTA(,r OF Oon UNDI II CoillMlTlAM ION 


Dl.iinebci of conninxiaioi 5 I m 

Cii ciinitoioncc of coininubitor 170 ,, 

ll(‘volntions poi socoiul [ 2 

Peiiplieral spied, indies poi second 70S 

Width of blush suitacc acioss sefuiiicnts s7 in 

Tinio ot one louiplebo lovorsal, seconds 0012.) 

Ficquincy of coni mutation, cycles pci second 107 

Coils, shoit-ciicuitcd tocfoblici pci binsh ] 

Tunis pei coil ! 

Turns shoi t ciicuitod togebliei poi Iniidi 1 

Conductors pci gioiip coininiibatcd bogobhei 

Flii\ pel ainpoie turn pci inch gross length annature lamina 

lion 20 

Flux tinough si\ turns caiiyiug one aiiii»eie 1500 

Tndiictanco on<‘ coil of one tuin 000015 lieiiiys 

lleacb.incc of one coil of one iiiin 039 ohms 

Cuiicnt in one coil, amperes 150 

(continuous-cui rent 
component) 

llcactance voltage, one coil 5 S volts 
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Three-Phase, Nine- Hundred Kilowatt, Rotary Couveiter 


Binding Wire 

Length ot oonductoi between bi ushes 
Oloss-section of eoiiductoi between biusheb 
Weight of aimatuie coppei 

Oentnfugal foice 


377-i m 
G square inch 


3744 X G X 32 
= 721 lb 

= 0000142 D N' lb 


Tlieiefoie, 000014:2 x 84 x 250^ = 74 7 lb everted as ceiitrifuga 
foice by every pound of copper conductor on aimataie, and a.s there an 
721 lb weight of copper conductors, the total centrifugal foice = 721 x 74 / 
= 54,000 lb 

Part of the centiifugal force ib resisted by strips of haid wood diivei 
into dovetail giooves lunuing parallel to the length of the shaft at thi 
tops of the slots, while the end piojections and connections are held ii 
place by 84 stiands of No 11 B and S phosphor-bionze wiie aiiange( 
over both ends, in bands of six strands each, seven of these bands beint 
employed foi each end 

Magnetic Circuit Oalculvtions 


Megalme ‘5 /toia one pole at full load and 500 teimiiial volts 

(5125 Intel nal \ olts) 104 

Assumed coelhcient of magnetic leakage i 1 

Megaliiies loi one pole at full load 1^5 


The maouetic reluctance and the observed total numbei of ainper 
turns pel field spool required, were piobably distributed approximateh 


as follows — 

Ai matin e 

Coie section. 

Length of magnetic ciicuit 
Density (kilolines) 

Ampeie turns pei inch 
Ampeie turns 
Teeth 

Numbei tiansmitting flux pei pole piece 
Section at face 
,, loots 

Mean section 
Length 

Appaient density (kilolines) 

Width of tooth (mean) “a” 

,, slot “ h ” 

Ratio oi a — h 

Collected density (kilolines) 

Ampeie turns pei inch 
Ampeie tiuns 


9 9 X 9 75 X 2 
= 194 squat e inches 
11 in 
54 
16 
180 


17 

76 squaie inches 


SO 


78 


>) 


1 25 m 
134 
462 in 

1 05 
128 
1160 
1460 
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Rotary Oonverters 


Gap 

Section at pole-face 
Length 

Density at pole-face (kilolines) 

Ampcie turns = 313 x 5 1,200 x 1875 = 3200 
Magnet Core 

Section (elFective) 

Length 

Density (kilolines) 

Anipeie turns pei inch 
Anipeie turns 

Yoke 

Section magnetic 2 x 13G = 272 square inches 
Length per pole 
Density (kilolines) 

Ampero turns pei inch 
Ampere tuins 


190 
1875 
54 5 


135 square inches 
9jf ill 
95 
53 
530 


U 5 in 
48 
29 
130 


Summary of Ampere Turns 


Aimatuic core 

180 

„ teeth 

1460 

Gap 

3200 

Magnet coie 

530 

Yoke 

430 


5800 

Spool WindincxS 


Ampere tui ns per shunt sjdooI, full load 

5800 

Watts pel spool at 60 deg Cent 

405 

,5 shunt winding at 20 deg Cent 

200 

„ seues „ „ „ 

143 

j, shunt „ at 60 deg Cent 

240 

Shunt copper per spool 

no lb 

Volts at terminals of spool at 20 deg Cent 

36 

Ampeies pei shunt spool 

6 3 

Kesistance at 20 deg Cent per spool, ohms 

57 

Turns pei shunt spool 

912 

Total length of shunt conductor 

4400 ft 

Pounds pel 1000 ft 

21 9 

Size of conductor 

No 1 1 B and S gauge 

Dimensions haie 

0907 in in diametei 

5 , double cotton coveied 

101 „ 

Cioss-section 

00647 squaie inch 

Cut lent density, ampeies pei square inch 

970 

Available winding space 

4 in 

JSTumbei of layeis 

23 

Turns pel layei 

40 



Th) ec-Phasc, Nine-Hiiudrcd Kilowatt, Rotary Cowvertci 
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Sei 166 

Ampeie turns, full load 
Full-load ampeies 
Anipeies divcited 

„ in seiies spools 
Till ns pci spool 
Size of conduct 01 used 
Nuiiibei in paiallel 
Total cross section 

Cm lent density, ampeics pei squaio inch 
Mean length of one turn 
Total length, all tiuns on 12 spools 
Tlosistance of 12 spools at 20 deg Cent 
Senes 0"ii watts, total at 20 deg Cent 
„ ,, pel spool 

,, ,, ,, at 60 deg Cent 

Total weight of senes coppei, pound 


3630 
1800 
350 
1150 
2 \ 

2 5 111 by 075 m 
8 

1 5 squaie inch 
970 
1 83 ft 

150 ft = 1800 in 
OUOSIG olnu 
1718 
113 
165 
861 


OVLCULATION OF LOhSLS AND lIl.ATINf, 


A) mrUtne 

Resistance between hiuslies, ohms 
C-R loss at 60 deg Cent 
Fipqucnc}, cycles pei sec = C — 
Weight of annatuic teeth 
,, ,, coie 

Total weight of laminations 
Flu\ density m teeth, kilolines 
,, ,, coie = D = 

CD- 1000 

Obseived coie loss pei pound, watts 
[r __ watts coie loss pei pound __ 

(oTd'-^ioM) 

Total coio loss 

„ aimatiue losses 
Aimatuio diamctei 
,, length 

Peiiphcial ladiating suitace 

,, speed, feet pet minute 

Watts pel squaie inch ladiating suiface 


OO-j 93 at 60 dig Cent 
9700 
25 

500 Jb 
6500 „ 

7000 ,, 

128 

51 

1 36 

2 8 

2 05 

19,850 
29,550 
bl 111 
27 

-j < ,, 

7150 squaie inches 
5500 
1 1 


Com MUTATOR Lossls and Heating 

Coinmutalo'i 

Aiea of all positne biushes 

Ampeies pei squaie inch contact suiface 

Ohms ,, ,, ,, ,, assiiined 

Blush lesistance, positive and negative 

Diop at blush contacts 

C-R loss at bipsh contacts 


51 scpaie inches 
35 
03 

00116 ohm 
2 1 volts 
3700 watts 
2 X 
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Hotcfjvy Converters 


Jjiusli piessLue, pounds pei squaie inch 


1 15 

yj tOtd] 


117 lb 

Coefficient of fiiction 


3 

Peiipheral speed, teet pei minute 


1550 

Biiish fuction, foot-pounds per minute 


12J,000 

„ ,, watts 


2800 

Stiay watts lost in commiitatoi, assumed 


600 

Total „ „ „ 


7100 

Diametei of comuiutatoi 


5f 111 

Available length of commiitatoi 


u „ 

lladiating siiiface 


2100 squaie inches 

Watts pel squaie inch of ladiating suiface 
Assumed use of temper atuie per watt pei squaie 

inch, after 

2 9 

10 hours’ iiui 


15 deg Cent 

Total use estimated on above basis 


43 „ 

Collector Losses and Heating 


Total contact aiea of all blushes 


33 5 squaie inches 

Amperes pei squaie inch of contact suiface 


150 

Ohms pel squaie inch of contact (assumed) 


003 

Total lesistaiice of blushes per iing 


00027 

A^'olts drop at Inush contacts 


IS 

C'R loss at brush contacts pei ring 


S50 

,, ,, „ in thiee imgs 


1700 

Blush piessuie, pounds pei squaie inch 


1 6 

,, ,, total pounds 


51 

(‘oelhcient of friction 


3 

Peupheial speed, feet per minute 


1,5S0 

Biiish fiiction, pounds pei minute 


25,500 

,, ,, watts lost 


600 

Total watts lost in collectoi 


o 

o 

Diametei collector 


24 in 

Effective length lacliatuig suiface 


11 „ 

Total ladiating suiface 


820 squaie uiches 

\Yatts jiei squaie inch ladiating suiface 

Assumed use of temper atuie pci watt pei squaie 

inch, attei 

2S 

10 houis’ inn 


15 deg Cent 

Total rise estimated on above basis 


42 

Field Spool Losses 



Spool C-E; loss at 60 cleg Cent pei shunt coil 


240 

C’R loss at 60 deg Cent pei senes coil 


165 

Total loss per spool, vatts 


^105 

,, m 12 spools, watts 


1850 

Efficiency 



Full load, watts output 


900,000 

Core loss 


19,850 



r 


r 


Three-Phase^ Nine-Hundrecl Kilowatt^ Potavij Conveiiei 


Commutatox losses 7,100 

Collectoi losses , 2,300 

Aimatuie C-R, loss at 60 deg Cent 9,700 

Shunt spools C-R loss at 60 deg Cent 2,900 

Shunt ilieostat C-R loss at 60 deg Cent 300 

Senes spools C’R loss at 60 deg Cent 1,700 

Senes diveitei C-R loss at 60 deg Cent 500 

Fncfcion, beaiings, and windage ... 5,100 


Total input 

Goimnei cial Efficiency 
Full load 

Matei lids 

Annatuie coie 
,, spider 
„ conductois 

CoMiinutatoi segments 
,, leads 

„ spidei 

Pole-piece 
Yoke 

Magnet coie 
Blushes 
Bi Lish-holdei 

J'oke 

Binding wiie 
Insulation, commutatoi 


949,450 


95 pel ceiil 


Sheet steel 
Cast non 
Coppei 

33 

Sti inded cop 
Cast iron 
Laminated shee 
Cast bteel 
Laminated shee 
Caibon 
Biass 
Gun-metal 
Phosphoi-bio 
Mica 


AVcigiits 

Ai maiiiie 

Laminations 

Coppei 

Spidei 

Sluift 

Flanges 

Coinniutatoi 
Segments 
Mica 
Spidei 
Pi ess lings 
Suiidiy othei parts 
Collectoi rings, complete 

Aimatuie, commutatoi, collectoi, and shaft complete 

j\[agnet 

Yoke 

Poles 


Lb 

7,000 

720 

3,000 

3,000 

SOO 


2,100 

130 

1,650 

280 

350 

1,070 

20,000 

13,000 

6,000 
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Rotary Converters 


Field 


Shunt coilbj coppei 

1,320 

Senes j, ,, 

SCO 

Total copper 

J,1S0 

Spools complete, including llanges and all insuLition 

fljGOO 

Bedplate, hcaungs, ika 

18,000 

Blush geai 

1,200 

SiiLidiy othei paits 

2,200 

Total weight of lotary convoitoi 

(ill, 0(10 


The Starting of Rotary Converters 

The starting and synchiomsing of rotary convoi’tois may bn aocom- 
phshcd in any one of several ways The simplest, at tirst sight, is to 
throw the alternating- current terminals of the lotary coiueitei diiectly on 
the alteinating-current mains, but this, although often practicable, has 
scveial disadvantages By this method, the cmrent rush at the moment 
of starting is geneially in excess of the full-load current input to the rotary 
converter, and as it lags in phase by a large angle, it causes a seiioiis 
drop of line voltage, and affects the noimal line conditions, to the serious 
detriment of othei apparatus on the lino This large euiront giadually 
decreases <as the lotary converter’s speed incieascs The action of the 
rotary converter, in starting, is analogous to that of an induction motoi 
The rotating magnetic field set up by the currents entering the ai mature 
windings induces — but very inefFeetively— secondary currents in the iiole- 
faces, and the mutual action between these secondaiy cuiients and the 
lotating field iiiipaits torcpie to the armature, which revolves with 
constantly accelerating speed, up to synchronism Then the ciicuit of the 
rotaiy converter field spools is closed, and adjusted to bung the cmrent 
into phase But when the armature is first starting, tlie field spools 
are interlinked with an alternating magnetic flux, geneiated by the cuiient 
111 the armature windings, and, in normally-propoi tioned field spools, with 
several hundreds or thousands of turns per spool, a dangoiously Ingh 
secondary voltage is generated in these spools Hence they must be 
insulated better than field spools ordinarily are, not only between layeis, 
but between adjacent turns , and wire with double or triple cotton covering 
should be used However, the most frequently-occurring breakdown due 
to this cause, is from winding to frame, and hence extra insulation should 
be used between these jiarts 



341 


Methods of Starting Rotary Converters 

The terminals of the chffeient field spools should be connected up to 
a suitable switch, ai rang eel so that the field winding may be conveniently 
broken up into several sections , otherwise, if a thousand volts or so aie 
induced in each spool, the stiain on the insulation between the ends of 
these spools in senes, and frame is severe 

At starting, this switch must always be ojien, and must not be closed 
until the armature has run up to synchronous speed, which is observed b}'- 
the line current falling to a much smallei value This special switch is 
then closed, and aftei wards the mam field switch, whereupon a still further 
decrease in the line current occuis, due to impioved phase relations, and 
the piocess of synchronising is completed 

By means of a compensator, this heavy current on the line at starting 



may be dispensed with The connections for a three-phase lotary with 
compensator, are as shown in the diagram of Fig 403 

At the instant of starting, the collector iings are connected to the 
three lowest contacts, hence leceivo but a small ft action of the line voltage, 
and Avould receive seveial tunes the line cm rent, ? e , if the taps into 
the compensator winding are, say, one-fifth of the way from common 
connection to line, then the rotary converter has one-fifth the line voltage 
and five tunes the line current As the conveitor runs up in speed, the 
teiminals aie moved along until, at synchionism, the collector is diiectly 
on the line 

Another difficulty encountered wdien the rotary conveiter is started 
from the alternating -cm rent end, is the indeteiininate polarity at the 
commutator, when the rotary is made to furnish its own excitation 
Unless some independent source of continuous curient is available at the 
rotaiy coiivertei sub-station, the lotary is dependent for its excitation ujoon 
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Hotnvy Cnnverier^ 

the polarity that its commutator happens to have at the instant of 
attaining synchionism If there are two lotary converters at the 
sub-station, and the first comes up with the wrong polaiity, then it 
maybe allowed to run so, temporarily, till the second one is syiuhionised 
The second one can be given either polarity desned, by using the (list 
as an independent source of continuous cun cut Then fioin the second 
one, the polarity of the fiist may be reversed into the corieet direction, 
and the second lotaiy conveiter shut down Obviously, liowcvcr, this 
indeterimnateness of the initial polarity constitutes a fuitlici inconvcniciicu 
and objection to starting rotary eonverteis by thi owing thorn diicctly on 
to the alternating-current line But in the case of laigo capacity, slow- 
speed rotary converters, consequently machines Avith heavy ai matures, it 
has been found practicable to control the polaiity of the first machine wlieii 
it is started up from the alternating current side One must stand lendy 
by the field switch as the machine approaches synchionism, wlieii the 
pointer of the continuous-cun ent voltmeter aviII comnienco to vibrato 
rapidly about the zeio mark wuth shoit snungs These Avill finally la' 
followed by a couple of faiily slou% indecisive, Jong swings, in o])posile 
directions fioiii the zeio mark Neai the maximum point of Avhicheiei 
of tliese swings is in the direction of the desired polaiity, the field switch 
should be closed, and the niachme will excite itself, piovidecl the field 
terminals are eoirectly positive and negative Otherwise — winch nnglit 

happen on the fiist run, or after alterations — the field terminals will requne 
to he level sed 

The lequned hue current is gieatly reduced by starting generator 
and rotaiy converter up simultaneously The latter is then, fiom the 
instant of starting, always m synchronism with its geiieratoi , and the 
conditions of running ai-e airived at with a minimum stiaiii to the system 
But the conditions of routine operation raiely render this plan practicable 

A method sometimes used, is to have a small induction motor direct 
coupled to the shaft of the lotary converter foi the purpose of staitim- 
the lattei with small line curients This, however, is an extra expens^, 
and result's in an unsightly combination set 

Where there aie seveial lotary converters in a sub-station, a mucli 
better way is that described in a recent British patent specification, m 
which the station is provided with a small auxiliary set consistino of au 
induction motoi direct coupled to a continuous -current dynamo, the latter 
being only of sufficient capacity to run the rotaiy converters one at a time 



HT SWITCHES 
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Rotary Cotiveitevb 


up to synclironous speed as continuous-cunent motois When tins 
speed IS ai rived at, and synchronism attained, between the alteinating- 
ciirrent collector rings and the line, the switch between them is 
closed, and the lotary converter runs on from the alternating-current 
supply 

In many cases, a continuous-cuirent system derives its suppl}'- paitly 
from contuuioLis-current generators and paitly fiom rotaiy con vei tors In 



lunsc) 


such cases, the rotary convertci is simply started up as a motor from the 
continuous-cuirent line, and then synchiomscd 

On the Continent it is very custoraai}’’ to opeiate stoiage batteiies 
in the sub-stations, in paiallel Avith the lotary converteis, the batteries 
being charged by the lotaiies during times of light load, and helping out 
the rotaries ivith heavy loads They are known as ‘ buffer batteiies,” 
and are of considerable assistance in maintaining uniform voltage and 
more uniform load on the generating plant Moieover, they rendei the 
sub-station independent of the rest of the system for staiting up the lotary 
converters 
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Synchronising Rotary Converters 

One lias the choice of synchionising the rotary convertei eithei 1 
a switch between the collectoi rings and the low potential side of t 
step-down transformers, or of considering the step-down tiansformers ai 
the rotary converfcei to constitute one system, transfoiming from lo 
voltage continuous current to high-voltage alternating cuirent, a 
synchionising by a switch placed between the higli-teiision terminals 
the transformers and the liigh-teiision tiansniission line This latter pi 



IS, perhaps, gcnerallj'^ the best , as for the formei plan, one recpine 
switch for rather heavy cun cuts at a potential of often from 300 
400 volts , and such a switch, to be safely opened, is of much n 
expensive construction than a high-tension switch foi the smaller ciirr 
Moreover, for six-phase rotaries, the low-tension switch should piefeii 
have SIX blades, as against thiee for the high-tension switch It is m 
simpler in six-phase rotaiy converters to have an arraiigeineiit wl 
obviates opening the connections between the low-tension teiminals of 
transformers and the collector ring terminals, although in such cases s 

2 Y 
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type of connectors should be provided which may he readily removed when 
the circuits are not alive, for purposes of testing 

The arrangement shoAvn m Fig 404 lepresents ajilan foi synehionising 
and switching, on the high-tension circuits, and adapted to six-jihase 
rotaries 

Fig 405 shows diagrammatically a plan for a three-phase system wheie 
the switching is done on the low-tension circuits The quick-break switch 
used, Avhich is necessarily of rather elaborate construction, is illustiated in 
Figs 406, 407, and 408 This switch was designed by Mi Samuelson 
The switch is designed for the breaks to occur on the back of the board, 
thus pioteetmg the operatoi 


Voltage E,atio in Eotara’' Converter Sa'stems 

As already shown, there is a tolerably definite ratio between the 
alternating-current voltage at the collector rings and the continuous- 
cuirent voltage at the commutator This lack of flexibihtj'- is, to a ceitam 
degree, a source of inconvenience , hence, methods wheieby it may be 
avoided possess interest A rotary coiweiter with adjustable commutatoi 
voltage, IS desirable for the same jiurposes as an over-compounded 
geneiator, and also for charging storage batteries 

If the generators, transmission line, transfoiniers, and rotary con- 
verters possess sufficient inductance, the commutator voltage may be 
varied within certain limits by variations of the field excitation of 
converter or generator, or both By weakening the generator excitation 
or strengthening the rotary excitation, the line current may be made to 
lead, and a leading current through an inductive circuit causes an inci eased 
voltage at the distant end of the line Hence, by suitable adjustment of 
the excitation, the voltage at the collector rings of the rotary, and con- 
sequently also its commutatoi voltage, may be increased Strengthening 
the generator field or Aveakenmg the converter field, oi both, causes the 
current to lag, and results in a decreased commutatoi voltage These 
effects may be intensified by placing inductance coils in series in the 
circuits 

Another method of controlling the commutator voltage is by 
equipping the step-down transformers with sivitches whereby the number 
of turns in primary or secondary, and hence the ratio of transformation, 
may be adjusted A much better method consists in employing an 
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induction regulator bet^veen the transformer secondary terminals and tht 
lotary converter This consists in a structure like an induction motoi 
Senes windings are put on the one element, say the statoi, and potentia 



wmdino-s on the rotoi The rotor may be piogressively advanced thiouj 
a ccitain angle, and at each angular position will laise or lovei t 
volta-e at the collectoi rings by a certain amount, by virtue of the mute 
action of the series and potential coils The connections aie shoe 

diagiammatically in Fig 409 
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A small auxiliary rotary converter, having a voltage equal to the 
amount by 'which it is clesiied to increase oi decrease the commutatoi 
voltage of the main rotaiy, and with a current capacity equal to that of 
the main lotary, may be employed 'With its commutator in series with that 
of the main rotary The auxiliary rotary should have field coils capable 
of exerting a great range of excitation Its collector should be supplied 
from a special transfoimer oi tiansfoimeis, with the primary and secondary 
coils considerably separated, so as to permit of much magnetic leakage 
between them. This gives large inductance to the small bianch circuit 


J^I041O H r UN£ 



leading to the auxiliary rotary, and by regulation of its field excitation, 
a veiy wide range of voltage at its commutator is secured It has the 
gieat advantage over inductance m the mam circuit that it gives a wide 
range of voltage variation for the combined set, consisting of mam and 
auxiliary lotary, without woikiiig at low-powei factois This is ob\iousIy 
the case, since the mam rotary may be adjusted to woik at a powei 
factor of umty, while it is only the relatively small amount of enoigy 
consumed by the small capacity auxihaiy rotaiy, which is supplied at a 
low powei factor. The effect on the power factor of the mam system, 
caused by the poiver factor of the small lotaiy, may be completely 
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neutralised, and the resultant power factor restored to unity by the siniple 
method of running the laige main rotaiy with a slight over or under 
excitation, and hence with a power factor slightly lower than unity, to 
compensate for the lagging or leading current, as the case may be, con- 
sumed by the small auxiliary rotary conveitei The scheme is illustrated 
diagrammatically in IFig 410 

A similai piece of ajDjiaratus has been used for the exp)ress purpose 
of charging stoiage batteries fiom a 500-volt line With maximum 
excitation, it supplied 200 volts moie, giving the 700 volts required by the 
battery towaid completion of the charge This lotary conveitci bad a 
shunt winding, and also a negative series coil, and when finally adjusted 
it had the interesting propeity of autoniahcally charging the batteiy fioni 
a minimum potential in the neighbourhood of 530 volts at the coinnience- 



ment of the charge, up to about 700 volts when fully charged Moi cover, 
the cuirent, amounting to some 40 amperes at the commencement, giadually 
fell off to about 30 amperes when the battery was fully charged That is, 
when the battery charge is low, and this rotary converter is tin own on in 
series with the 500-volt line, it automatically legulates its own excitation 
so that, while giving 30 volts and 40 amperes at fiist, it finished up with 
200 volts and 30 ampeies Its shunt coils are excited from its own 
commutator , hence at gradually increasing voltage. 

Its seiies winding is connected to act in opposition to the shunt 
winding This negative series winding was at first put on to protect the 
rotaiy from the effect of sudden variations of voltage on this 500-volt 
circuit Thus, if the line voltage suddenly rose to 520 volts, the addition 
of the rotary voltage would have sent a much heaviei current into the 
battery, a negative series winding tended to equalise the resultant voltage 
in spite of line variations, and pioved to contribute very markedly to the 
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automatic legulatiou of cuiTent and voltage to the varying requirement 
dm nig the process of charging the storage battery 
In Fig 411 IS given a diagram of its connections 
An alternative scheme to that of a small auxiliary rotary convertei 
and, peihaps, on the whole, the best arrangement of all, consists in th 
addition of a small continuous-current machine on an extension of th 
shaft of the main rotary converter If its fields aie excited in series wit 
the load, and its commutator connected in series with that of the mai 
rotary converter, the combined set may be adjusted to over-compound t 
any desired extent Fig 412 gives a diagram of this scheme 

A great disadvantage of both these last schemes is that the con 
mutator of the auxiliaiy machine carrying the mam current must ha\ 
substantially as great a radiating surface as the main commutator, an 
hence is expensive The commutator losses are also doubled 

Still another interesting ariangement for giving an adjustable rat 
of conversion of voltage, is that illustrated in Fig 413, wherein a sm? 
synchronous motor is directly connected on the shaft of the rotary, whn 
requires no collector rings , those of the synchronous motor serving f 
the set The synchronous motor has a separate field system, by varyii 
the excitation of which, the percentage of the voltage consumed m tl 
synchronous motor, is varied, and consequently also the total ratio 
conversion This scheme avoids the losses in an extia commutator, ai 
IS a vety flexible method 


Running Conditions for Rotary Converters 

The conditions relating to starting lotary converters have been cc 
sidcrcd on pages 340 to 344 After being finally brought to synchronc 
speed, there remain various adjustments requisite to secuie the m. 
cflicient performance, and to adapt them to best fulfil the spec 
lequircmcnts 

Phase Characteristic — The term “phase chaiacteristic” is genera 
applied to a curve plotted with field excitation (preferably expressed 
ampcre-tuins per field spool), for abscissce, and with amperes input ] 
collector img, as ordinates Such a curve has been given for no load 
Fig 400, on page 333, and from an examination of it, one leains tl 
at "^normal voltage between collector rings (310 volts in the mach 
111 question), and a field excitation of 6 4 amperes (5800 ampc 
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turns per pole), there was required only about 80 amperes per johasc 
to run the rotary converter unloaded This is the condition of 
miniiTLum current input , with weaker field excitation the current 
lags, and vnth stronger it leads, in both cases increasing lapidly in 
amount with the varying field excitation The curve shows that with 
no field excitation, the cuirent per phase increases to about 2100 ampeies, 
and it also reaches approximately this same value with twice the normal 
field excitation. 

If the current is in phase at the point of minimum current input, then 
the volt-amperes will be ecj[ual to the sum of the no-load losses 


No-Load Losses 

Core and stiay losses at noimal voltage 
Friction and collectoi 0-R losses 
Shunt field self excitation = 6 4 x 500 

collectoi 

SO - 58 


Total no-load losses 


Watts per phase 


310 

“ Y” voltage = —jzl 
® V3 


Cuiient pei phase {le, enteiing each 


ring) 


10,400 

ISO 


Hence we have an unaccounted-foi balance of 


Wattg 
- 20,000 
== 8,000 
= 3,200 

= 31,200 
- 10,400 

ISO \olts 


58 amperes 
22 amperes 


This IS due partly to a difference in the wave forms of the generatoi 
and the rotaiy, but chiefly to so-called “surging ” effects, and will be a varying 
value, depending upon the motive power di iving the generating alternator, 
and upon the methods employed to limit the effect It will be considered 
in a subsequent paragraph 

Neglecting the “singing” effect, for a given field excitation, the power 
factor of the incoming cm lent may be estimated Thus the curve of Fig 
400 shows that with the excitation of 3 2 amperes (half the normal excita- 
tion) there is an incoming curient of 1000 ampeies per phase One 


thousand ampeies entering a collecting iing coriesponds to 
amperes in the armatuie conductor 


1000 

Vs 


580 



Pre-determinahon of Phase C'haoactenstic Curvets - 35 -] 

JResistaiiee of armature between commutator biuslius lia.s been 
given as 005 olim at 60 deg Cent =B- (See page 332 ) 

Then the resistance of one branch [i e , one side of the A) will be 1 .3.! 

OOG7 ohm ^ 

In each branch there will bo a loss of 580" x 0067 = 2250 watts, 
and therefore a total armature C^R of 3x2250=6750 watts The held 
excitation with regulating iheostat losses will be one-half its foiinei value, 
^c, 1650 watts The core loss and friction remain substantially as liefoie, 
but the collector C'R loss is inci cased by 500 watts 


Summary 

Armatiiie C-Il 
Field self-excitaliou 
Coie and stiay losses 
Friction and coliectoi losses 


WatUi 

(),7r>o 

i,()r>o 

2(),on() 


Total of losses 


Total per phase 
Volt-ampeics input phase = 
1 2 3 

Hence power factor = — 


580 X 310 == 180,000 
- 068 


36,000 

12, .100 


^ Pioof that, if R = ainiaiiue lesistaiice hetween cominuUitoi l)iush<‘s, ilicu 1 3 5 U 
= lesislance of one side of tho A 

Take the c.ise of the piesent lotaij Jt has IJ poles, and a niuK iplc c u <. ui( siin^h* 
■\viiidmg Theiefore, theie aie 12 paths thiougli the aiiuatviic fioui ilu‘ positive to llu* 
negative blushes Theie aie 576 total turns on the amiatuic Hoiice, tath ot tiu IJ piths 
has 48 tuius R = the resistance of the 12 paths in paiallol 12 11 ~ ic’sistum* ot tjno 

path of 48 turns But between two coliectoi rings, the 576 total turiiB are cUvuhal into thi(*< 
groups of 192 turns each One side of the A is made up of one such gioup aii.nigcd in si\ 
192 

paiallel paths of — = 32 turns each, 32 turns irr senes will have a iosisUiiko of 

6 

^ X 12 E = 8 R, 

4-8 


and six paths in parallel will have a resistance of 


8 R 


1 33 11, and tins eipials tin* 


resistance of one side of the A Q E D 

iVny difficulties in under standing this subdivision of the wmcliug into gioups and ji'lmIU*! 
paths may be lomovecl by a study of the winding diagiam for the multiple I'licuit single 
winding shown in Fig 373, on page 297 Analogous im estigations of two ciuiiil singh* 
windings, and of multiple windings of both the twm-cucuit and nmltiple-ciu uit t}pi*, will 
yield the same result, i e , tliat the lesistaiice of one side of tho A ly ei^ual to 1 33 R, 
for tin ee-pliase lotaries For an examination of these latter cases, one may iiuike usi ot 
the winding diagrams of Figs 374 and 375, on pages 298 and 299 
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Similar calculations for other values of the field excitation, give data 
for plotting other phase characteristic cuives for no load, that is, foi no 


NO LOAD PHASE CHARACTERISTICS 
^4i4 of SOOEi, ZSCyrlce SOOVolu, 

Thre^PhcL^se iR^tcary Com^erter 
Fewer Foucwr irv terms of field' ExcU/xtajCro 



^ ^ 5 6 'j B 

Amperes Field Excitation 


S JO 11 12 


JFi 04 l 6 


nOUiAOPHAS^ CHARACTEmSTlCS 

1 — ef dOOlSw 25 (^des dOGVdUs 

j jK^Jtoury (hrwerter- 




Power Factor 


output fioin the commutator Thn<5 7n T^..v n a r* 

-n the eUhe field «.taJ::rdf 

..put p. eoBeetoe These curves have'all co.^oZd C ZZ2. 
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Pre-flefe)mvnation of Phase Character’istic Curves 

but other phase characteristic curves may be obtained for various 
conditions of load 

In Fig 416 are given phase characteristic cuives at no load, lialf load, 
and full load for a 125-lvilowatt rotary convertoi It will be observed 
that the phase characteristic curves with load possess the same gencial 
featuies as the curve for no load, though less accentucatcd 

PH/SE CHARACTERISriCS 
^ig41G ofIZdJIiv SOQ/cLd' U6V0U, 

ThrccPhjOjBe Robocry Can v<:rU T 


GnwtanA/j^lterricUtiuzg Gxrrerit/Potentuidy of 
IdYolts hetweerurxn^s 



In Fig 417 these curves are transformed into three others in which the 
power factois are plotted in terms of field excitation, and in Fig 418 the 
power factors are plotted in terms of amperes input per collector ring 

Figs 414, 416, and 417 show the importance, especially with lighi 
loads, of careful adjustment of the excitation The power factor falls off vei 3 
rapidly indeed with variations of the field excitation fiom the normal value 
However, with load, the variations are comparatively model ate, and fick 
regulation can then advantageously be emplo 3 ’'ed as a means of phasi 
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control 5 and through, the intermediation of line and armature inductances, 
sometimes aided by auxiliary inductances employed for the express purpose, 
a considerable working lange of voltage, at the commutator of the lotary 
converter, may be obtained 

This brief description of the phase characteristic curves peimits of 
now explaining, m a rough, practical way, what causes the current to lag 
or lead with varying field excitation, and also what controls and determines 

PHASE CHARACTERISTICS 

of 1Z5JSw 35fycl& VdVolo 

Three^ FhoLS& Rotary CoTwertyer 
Power Fclccotuv terms ofjmpere Turns per FlcUj Spooh 



the extent by which it shall lag or lead Suppose a genei-ator, say hy 
hand regulation of the field excitation, is made to furnish 310 volts, under 
all conditions of load and phase, to the collectoi rings of a rotary conveiter 
(Assuming the lotary converter to be of very small capacity relatively to 
that of the geneiator these variations will not materially afifect the gene- 
rator voltage, which will remain approximately constant ) 

It has been shown that there will be substantially 500 volts at the 
commutator when there are 310 volts between collector rings This is 
fairly independent of the field excitation. But figuring from the 310 volts 
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at the collector iings, or the 500 volts at the commutator, the resul 
arrived at is that there is a magnetic flux M pei pole-piece, linked wit 
the armature winding turns When the field excitation is such as to affor 
the requisite magnetomotive foice for mqielhng this flux M against th 
reluctance of the magnetic circuit, there will be no current m the armatiiri 
or, lathoi, only the small amount necessary to supply the power represeni 
od by the no-load losses But if the field excitation is weakened, say, t 
one-half, then, since theie is still the same terminal voltage, it follows the 
there must also he the same flux M impelled through the same magnet 


PHASE CHARACTERISTICS 



circuit The remaining part of the required magnetomotive force h 
therefore, to bo sought for elsewhere It is, m fact, furnished by a laggi 
armature cm rent ivliich then flows into the collector rings This cc 
jxment does no work, hence it is 90 deg out of phase. The lesultf 
cuiient IS composed of the energy component wdneh oveicomes the loss 
and this wattless cuiient Thus in the analysis on page 352 of the ph 
ehaiactoristic curve of Fig 400, it was found that leducing the fi 
excitation from G 4 amperes, (corresponding to unity pover factor), 
3 2 amperes, increased the input from 80 amperes per collector ring 
1,000 amperes per ring The magnetising component of this 1,000 ainpe 
was and hence scarcely differed for 1,000 amperes Th 
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are, therefore, = 580 amperes per side of the “ delta,” or =97 

\/3 0 

amperes per aimatuie conductor This, assuming a sine wave of incoming 

cm rent, is 97 x \/2 — 138 maximum amperes A cm rent of 6 4 ampeies 

in the field corresponded to a magnetomotive force of 5,800 ampei e-turns 

This, with 3 2 amperes, was reduced to 2,900 ampere-turns, the remaining 

2,900 ampere-turns per pole-piece being siiiiphed by the lagging current in 

the aimature winding The 12-pole armature has 576 total turns, or 48 pei 



pole-piece, but these 48 turns per pole-piece belong to three different 
phases, hence theie are 16 turns per pole-piece pei phase The maximum 
ampere-turns per phase aie 

16 X 138 = 2,200 ampeie turns 

In Figs 419 and 420 are shown, diagrammatieally, the arrangement 
of the conductois of the different phases in the aimature slots of a tin co- 
phase rotary, and directly above, the corresponding curve of magneto- 
motive force clue to the curients in the armature conductors Fig 419 
repiesents the instant when these relative curient values in the phases 
A, B, and C aie, respectively, 1, 5, and 5 In Fig 420 these have become 
867, 0, and 867 Hence it is m Fig 419, that one phase reaches the 
maximum lvalue ], and as there are six conductors per pole-piece per phase, 
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its maxiaium Qiagnetomotive foice may be lepre&ented by 6 But 
althougb, in Fig 419, the coi responding maximum value of the magneto- 
motive force of the three phases is 9, it becomes 10 4, one-twelfth of a cycle 
latei, at the instant represented by Fig 420 Hence, in a thiee-phase lotary 
converter winding, the maximum magnetomotive force exeited by the 


armature conductors of all the phases is, pei pole-piece, 


10 4 
6 


1 73 times 


as great as the maximum magnetomotive force pei pole-piece per phase 
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histiocrUxmjmJLB acrrenJb vcjjuues uv llw upper aiihdixjupJbors 
/» },ai jo RcsuZtanO current/ values per pour of conxlucturs 

How, for the case undei consideration (the 900-lalowatt lotary), tl 
value of 2,200 ampere-tuins per pole-piece was found foi the maximui 
magnetomotive force pei phase Therefoie, the maximum lesultai 
armature reaction for the three phases would be 

1 73 X 2,200 = 3,800 ampcie-tiuns ^jole-piece 

But it IS only in opposition to the flux at the veiy centre of the pole-fac 
that the armatuie magnetomotive force would exert this sticngt 
Appi caching both sides, it shades off towards zero, as may be seen from tl 
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curves of magnetomotive force distribution of Figs 419 and 420, Avhoroiis 
the field spool against which, it reacts, is linked 'vvith the entire pole-piocu 
In practice, these magnetomotive force curves would be smoothed out into 
something like sine curves Hence we may take the average magneto- 
motive force exeited ovei the whole pole-faee as about = 2,700 

,s/^ 

ampere-turns This corresponds fairly well with the 2,900 ampeie-turiis 
by which the field excitation was reduced 

At first sight, it would appear that this checks well enough for all 
practical purposes, but an analysis of the curves of many other rotary 
converters resulted in almost always finding that 10 to 25 per cent less 
magnetomotive force on the armature, suffices to replace the field excita- 
tion , which leads to the conclusion that it is the location of this magneto- 
motive force in the armature conductois themselves which enables it, with 
from 10 to 25 per cent less magnitude, to replace the — in this respect — I chh 
effectively situated magnetomotive force m the field spools, the flux set uj) 

from which latter, suffers diminution, by magnetic leakage, on the way 
to the armature 


The difference between three-phase and six-phase windings, as regards 
the manner of distribution of the conductors of the different phases over tho 
armature surface, has already been pointed out on page 803, aucl is 
illustrated diagrammatieaJly m Fig 379 Bearing in nimd the differonco 
ere explained, it should be fuither noted tliat the so-called six-iiliiiso 
iimding gives a distnbution of its aimature niagnetoinotiye foioo in 

rtorsThilh force in indurtimi 

motors, iihieh were shown and explained on pages 137 to UO It 

la theie shown that the three phases of such a windl ewt 

resultant magnetomotive force, whose niaxiniuni value is eoual to tiw 

by' Fi»1° ilT'Zd itr <■<»•“ pel phase But 

shown°thatlntheIv.ndlng™ofZe“oId**^“H‘ '* 

(when the windings of the diilerent ph^overirpMLVr'"^ 

.e only t 7, times the magnetomotive force per phl*’^!':— 


2 00 ’ 


-- — - VVIIJ, 

re ore, give equally effective response to field variations, with but 

or 87 per cent as great an incoming current as will « fl i ^ 

verter This is a distinct advantage, even for the si '' 
compound-wound rotary, but it is still mnr ®^^^i^t-wound and for tho 

y, still more important in the case of tho 
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series rotar}', and for the rotary without field excitation (which will shortly 
he discussed), since the chief objections to these latter types relate to the 
lai'ge incoming current due to absence of control of field excitation, except 
by means of armatuie reactions 

The choice of as many turns per pole-piece on the armature, as good 
constants, in other respects, will permit, is, of course, conducive in all 
types of rotaries to the best result, from the standpoint of securing the 
required magnetomotive force from the armature with as little idle current 
as possible 

By similar methods the magnetomotive force relations may be 
analysed from the phase characteristics with load Undei these con- 
ditions, i e , with current delivered fiom the commutator, there are furthei 
considerations The demagnetising influence of the commutated current 
may be neglected, as tlie brushes remain at the neutral point, and even the 
distorting influence upon the magnetic distribution may be considered 
to be substantially offset by the overlapping energy component of the in- 
coming alternating current The mam difference appealing in the analysis 
of the phase characteristic with load, is that the energy component, except 
with great weakening or strengthening of the normal field, will be a very 
appieciable component of the total resultant incoming alternating current 
Thus, in Fig 416 (page 355 ante), the upper cuive represents the phase 
characteristic with full load output of 1100 amperes at 115 volts from 
the commutator At normal field of 2750 ampere-turns, the amperes 
input per collector ring are 1030 Reducing the field excitation tc 
zero, increases this incoming current to 1290 amperes The output is 
125,000 watts 

The internal losses under these conditions of full-load output and zerc 


field excitation, aie approximately as follow 

Watts 

Total ainiatme C^R loss 5,000 

Bearing and all brush friction 2,700 

Core loss 2,700 

Biush 0“R losses 3,500 


Total internal loss 13,900 

Watts output 125,000 


Total watts input 138,900 

46,300 
3 A 


Total watts input per phase 



